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(iENK.HAL INTRODUCTION TO THE SERIES. 


Drill N(,; ihv past few yc*ars the cnvilistHl world has ht^i^un to rendist* llu* 
advaula|>fi*.s acHnniiiig to sincidihc iH'st'andu with the result tliai an <'vcr- 
incr(*asin|r amount of time amt tlunijirhl is ht*in^^ d<‘Votc‘d lo vuritais 
hraiudu's of sinenets 

No study has prt^gri*ssetl more rapidly than {'hemistry. Tins 
seieiu'e may Ik* dividial rouijchly into sev<*ral hraneht*s : namely, Dr^ani(% 
Phy.sieah Inorganic\ and Analytieal (’lu‘mistry. It is impossibh* to 
write* any sin|4'h‘ text hook whiedi shall <*ontain within its two eove'rs a 
thorou|L(h tre’atnu'ut of any <aie of tluvst* hraiu*ia’s, owin^ to tlu* vast 
amount of iidormnt ion that has been ae’eunudat ed, The* need is ratlu‘r 
for a .st*rit*s of text btuiks dc‘alinir more* or h‘ss eompr<‘lu‘nsivt‘ly with 
eaeh linuH’h <if ehendstry. 'rids has alreaely been att<*mpli*d by 
enterprisin|4 hrms, so far as physical and analytieal chemistry art* 
tHmet*rnetl ; anti the prestad series is tiesigned to mt*et the net'tls of 
intu’i^anit* chemists. Due ‘paait atlvanta<,^t' td’ this proeetlurt* Iit*s in 
the* fact that eair knowletf^t* of the diff<’r<’nt sections of seii'iua* does not 
progress at tlu* same rate, (‘onseipient ly, us smm as any partiiudar 
|»art ad\anet*s out <d’ proptalion to others, the volume dt’aling with 
that seetie»n may be i-asily revise*! c»r rewritten as oeeasion reipurt’s, 

Smne method <d' I’lassifying the t'hanents tor treatmtad in this way 
is eliiirly **ssentiah and ue hnvt* adt»pti*d tin* Feriotlie (da.ssilh‘atitm 
with slight alterations, de\*»ting a whole v< 4 mm* to tin* c*onsidt*ratitm 
of tlu’ t'lenuids in eaeh v<*rtieal etduinn, as will !»e t'videid fr<an a glance 
at the s*‘luam* in tin* Front ispie****. 

In the ftrsl volume, iu athlilitm ton<letailed aetsaint of the elenuads 
of Ciroup C), the general priiteiplt*s of luorgaide (du*ndstry are diseusstsl. 
Pmiieuliir pains have bei*n taken in the selection of material Idr this 
voltitiiix ami an attempt has laam mntle to pr<*s*ad tt» tin* read**r a 
id<*ar aeeouid (»f th** prim’iph’s upon which tair knovvl**dge *if moch*rn 
lmu‘gjmie Fhemistry is bas***!. 

At the outset it may la* w**ll t*> ivxplain that it wiis not inlenchal 
to write a 4*oinptet** text-daMik of Fliysieal Fhemistry. Nmnerous 
excellent wtrrks hiiv<* alr*Tnly lasat tlevote*! t*» this subject, and a^ 
volume on sui’li lines w«int«l st*aretdy serve as a su.it aid** iid rodiicdion 
tti this s<*ries. Wldlst Fhysi**nl (‘hi'mistry dc'uls with, the* genc*ral 
primdples applied to idl bramdu’s <if tlasasdieal idieinistry, our aim 
has be<m to eiliphasis** I lieir application to Inorganic (luanistiy, witli 
which hraueh ttf the suhji’et this sm'ies <d‘ texf'-btjoks is ex(*hisiv<*ly 
tsimsaiifsk 'Fii this emi pnadit^ally all the illustrations f.o the laws 
iitat p-ritieip|eH disi’ussisl in Vtdume I, <ieal with imu*gani<‘ stdisfanei’s. 

Again., there are iiiaiiy snbj<*i*ts, such as tin* mt‘t!uids employes! in 
the aeeiiniti' determination id* atiimi** %v*dghts, which art* m>t. g<*neratly 
rcLUirded as fortninii nurt of Fhvsteiil (1iemi.strv. Yet. tliese are 
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subjects of supreme importance to the student of Inorganic Chemistry 
and are accordingly included in the Introduction. 

Hydrogen and the ammonium salts are dealt with in Volume II., 
along with the elements of Group I. The position of the rare earth 
metals in the Periodic Classification has for many years been a source 
of difficulty. They have all been included in Volume IV., along with 
the Elements of Group III., as this was found to be the most suitable 
{)lacc for them. 

Many alloys and compounds have an equal claim to be considered 
in two or more volumes of this series, but this would entail unnecessary 
duplication. For example, alloys of copper and tin might be dealt 
witli in Volumes II. and V. respectively. Similarly, certain double 
salts— such, for example, as ferrous ammonium sulphate — might very 
logically be included in Volume II. under ammonium, and in Volume IX. 
under iron. As a general I'ule this difficulty has been overcome by 
treating complex substances, containing two or more metals or bases, 
in that volume dealing with the metal or base which belongs to the 
highest group of tlie Periodic Table. For example, the alloys of copper 
and tin arc detailed in Volume V. along with tin, since copper occurs 
earlier, nam(‘ly, in Volume II. Similarly, ferrous ammonium sulphate 
is (lis<uiss(‘d in Volume IX, under iron, and not under ammonium in 
Volume II, The ferro-cyanidcs are likewise dealt with in Volume IX. 

But even with this arrangement it has not always been found easy 
to adopt a ))crre(*tly logical line of treatment. For example, in the 
(‘hromates and permanganates the chromium and manganese function 
as j)art of the acid radicles and are analogous to sulphur and chlorine 
in sul[)luit(‘s and {xa'chloratcs ; so that they should be treated in the 
volume dealing with the metal acting as base, namely, in the case 
of [jotassium permanganate, tmder ])otassium in Volume II. But the 
alkali p(*rmanga.nates possess such close analogies with one another 
that sc'paratc tr(‘atmcnt of these salts hardly seems desirable. They 
arc therefon* considered in Volume VIII. 

Numerous other little irregularities of a like nature occur, but it is 
liopt'd that, by nu^atis of earelully compiled indexes and frccpicnt cross- 
rc»rt*rencing to tlu^ texts of the separate volumes, tlie student will 
(‘xperic‘n(H‘ no diirunilty in linding the infonnatiou he recpiires. 

Particular care has been taken with the sections dealing with the 
atomic weights of the elements in question. The ligures given arc not 
necH^ssarily those to be found in the original memoirs, but have been 
r<'c*al<mlat(‘d, (‘xec'pt wluu'c otherwise stated, using the Ibllowing 
fundamental values : 


Hydrogen 

i()()r()2. 

Oxygen 

1G*()()0. 

Sodium 


Sulphur 

-- 32*005. 

Potassium 

tdOlOO. 

Fluorine 

19*015. 

Silver 

107*880. 

Chlorine 

35*457. 

Garbo u 

i2*oo;i. 

Bromine 

-- 79*910. 

Nitrogen 

14*008. 

Iodine 

- 120*920. 


By adopting this nudhod it is easy to compare directly the results of 
t*a‘rlii‘r inv(‘.stigators with those of more rc(‘eut date, and moreover it 
rcmlia^s thc‘ data for the different elements strictly comparable tluough- 
file whole s<‘ries. 

Our mm lias not been to make the volumes absolutely exhaustive, 
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as this would render thern unnecessarily bulky and expensive ; rather 
has it been to contribute concise and suggestive accounts of the various 
topics, and to append numerous references to the leading works and 
memoirs dealing with the same. Every effort has been made to render 
these references accurate and reliable, and it is hoped that they will 
prove a useful feature of the series. The more important abbreviations, 
which are substantially the same as those adopted by the Chemical 
Society, are detailed in the subjoined lists, pp. xvii-xix. 

The addition of the Table of Dates of Issue of Journals (pp. xxi-xxviii) 
will, it is hoped, enhance the value of this series. It is believed that 
the list is perfectly correct, as all the figures have been checked against 
the volumes on the shelves of the library of the Chemical Society by 
Mr. F. W. Clifford and his staff. To these gentlemen the Editor and 
the Authors desire to express their deep indebtedness. 

In order that the series shall attain the maximum utility, it is 
necessary to arrange for a certain amount of uniformity throughout, 
and this involves the suppression of the personality of the individual 
author to a corresponding extent for the sake of the common welfare. 
It is at once my duty and my pleasure to express my sincere appre- 
ciation of the kind and ready manner in which the authors have 
accommodated themselves to this task, which, without their hearty 
co-operation, could never have been successful. Finally, I wish to 
acknowledge the unfailing courtesy of the publishers, Messrs. Charles 
Griffin & Co., who have done everything in their power to render the 
work straightforward and easy. 

J. NEWTON FRIEND. 


June 1028 . 




Thh projKTl i(‘S of tho <‘l(‘nu‘nts i!iclu(l(*<l in (in>u|> V. of tin* Ffriuclir 
(1a.s.sili(‘ati(>ti ran^^t^ from (host* oT a typical luai JiH'tah nitru^pai* which 
is (aitin'Iy (U^void of uadallic properties, t{» those of a typical met ah 
hisnnith, hi no oth<‘r part of ilu‘ I^eriotlic Taliie is this ^p’liiintioii in 
j)rop(‘rt i(‘snior(‘clt‘arlys(‘eii t han iii llu‘ iiitrogiai sah i^roup, t he naautita'sof 
\vhi(‘h ar(‘ iiu'huhal in Ihirts L and I h of t his \*t»hune, 'hhe vi»hinie is cum 
plctcd by Part H!., which dtails with vanndiuun niohiuni or colnmhiuin, 
andtunialnm; protcaud inhun la’injL*; <i<‘alt with in \‘tdtiine V 1 1. Part III. 
Sonu‘ of t lu‘S(‘ (denuads hav(‘ found valuahh’ applii'al ions in the stisd and 
(de(dri(‘ul induslri{‘s, for whitdi sptsdal pnrpost*s tljey wtadd he ditlleult 
to r(‘pluct‘. They an* of (‘ourst* nion* typically metallic than arsenic and 
aiitiniony, tmt retain tht* power in tlu*ir lu*d^***' <^sides of ipving sidts 
with ulkali(*s, a propt'rly which is t Ims <’oinm<m tot he whole (d* t he ip'ouin 
siiu*c it is slightly d(‘vclopt'd t‘vcn in bismuth. 

Nitro|^n‘n and ph(jsph<n*us in their compounds an* essential to lift*; 
the elc‘m(‘nt phosphorus is poisonous, while iirsenit* in its lower \ahad 
compounds is one of the most jiowerful of all inorganic poisons. Tin* 
poisonous elmrac*ter n'lnains to S(mu* t*xtent in antimony, hut is lost 
in liismuth, sonu* tsanpounds iif which are ns«*d in lm>te quantities in 
medicine. 

(\msid(‘ring innv tin* stihjet*! of Part h, nitroeem is miicpie; it oinnirs 
free in enormous (|uanfities in tin* atmospln*re, but is at tin* simie 
time [iresent only in relatively miiiuft* quantities in a state of com 
bination. liy enusini^ nitro| 4 <*n to eianlhne, and thus ueecanplisliitin 
(pii<'kiv wduit only luqqa'us with extreme slowness in nature, man 
has inen*as(*d the [jossible population of tin* w<»r!d to a limit wliielt 
would hav(* hc'cn <*onsidt‘re<l quite* nnat tainahh* by statistical prophtds 
of the (*arly ninetf*(*nlh <*entnry. Sir U'illiam Prookes, in his fitiniius 
address to tin* British Assc»eiath*n (in iHtW), in wltieh he foridohl the 
eoinini^ world shortage <4* ceanhinetl nitrogen, also aihmibrateil the 
rc*nu‘dy, tin* uppli<*ation of whieli is told in tliis volume. In the 
principal eoimtrn*s <if tin* worhl great faetories have now been estide 
lishcHl wliieh have renmved all <lnngt*r td’ a shortage of frtod due to an 
insidheit'nt siqqdy of nitrogenous h'Hilisers. In paidieular, the Imperial 
(1n‘inieal Industries <d’ Cir(*at Britain ha\e n great held open in supply 
ing the netsls <d‘ agrieidtun* througinait tin* with* extent of the British 
Knqdre, as w*<*Il as in inert*Hsing tin* somewhat iieghsdetl pnalmdion 
of food in tliese Islands hy t‘neonruging a suitable form of intriisive 
<*ultivation. 

Nitrog<*n, under suitabh* <’onditions. is a nuttf. reiieiive eletiiriit, 
since it wall etanbiin\ dire(‘ily or by indin*c*i inriins, with iirtirly all 
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elements — with the metals as nitrides, with hydrogen as ammonia 
and other compounds, and also with most of the non-metals. With 
oxygen it yields a range of oxides which differ from one another most 
conspicuously in their properties and in their modes of preparation. 
Nitrogen does not enter into combination with either iluorine or bi'omiue 
alone. 

In order to make this volume complete in itself, it lias become neces- 
sary to include a little subject-matter which is common to other volumes 
in the Series. Thus a section on the atomic weight of nitrogen has been 
incorporated from Volume I. The sulphonie derivatives of hydroxyl- 
amine, amido-sulphonic acids, etc., as well as the nitrides of sulphur, 
fall also into Volume VII., Part II. The nitrides, in accordance with the 
general scheme, are fully described under the metal, etc., concerned, 
but it was thought desirable to give a general survey of them in this 
work. 

As is usual in this Series, undue detail in physical constants 
and in the minutiae of chemical processes has been avoided, but aluiii- 
dant references have been given, so that the book may be used as a 
starting-point for research, or for the compilation of information on 
particular topics. 

Among the hooks, as apart from original memoirs, which have been 
most largely consulted are : The Nitrogen Industry, Partington and I^arkei’ 
(Constable, 1922) ; The Absorption of Nitrous Gases, Webb (Arnold, 
1923) ; Ammonia and the Nitrides, Maxted (Churchill, 1921); as well 
as works of reference, such as Thorpe’s Dictionary of Aiyplied Chemistry^ 
and vol. iii, part 3, of the Handbuch der anorganischen Chemie, Aheggr 
and Auerbach (1907). Finally, our united thanks are due to the General 
Editor, Dr. J. Newton Friend, for his helpful criticism and suggestions, * 
and for his great care in the reading of MS. and proofs. 

E. B. R. PRIDEAUX. 

II. LAMHOURNE. 

University College, Nottingham, 

June 1928 . 
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(UIAPTER I. 

GENERAL CHARACTERISTICS OF THE ELEMENTS 

OF GROUP V. 

COMPAUISON WITH GROUPS VI. AND IV. 

Likk (iroiip VL, this ^?roup falls into two well-marked divisions, the 
(list in(‘tion l>(‘t\v(‘cu which is more clearly defined than in the fourth group. 

The two short-period elements, nitrogen and 
phosphorus, are on the whole more closely allied 
to the Sul)group B elements, arsenic, antimony, 
and bismuth. Subgroup A contains vanadium, 
niobium or columbium, tantalum (eka-tantalum 
or |)rotaetinium), all of which are metals with, 
however, some non-metallic characters in their 
higher- valent compounds. Indeed the rcsem- 
l)lanee, in respect of the physical properties of the 
elements and the general chemical characters of 
the compounds, is more close between Subgroups 
V. A and VI. A than between V. A and V. B. Sub- 
grouj) V. A contains metals which only melt and 
volatilise at high temperatures. They do not 
form definite hydrides. Vanadium yields a great 
variety of salts and oxides, but in the case of 
niobium and tantalum the types of valency dis- 
played are not specially numerous, as they are in 
the corresponding members of VI. A. The lower 
valent c‘ompounds of V. A metals are salts of weak 
bases. Most of the compounds conform to the 
ter- or (piimiue-valent type. The halides of the latter type have a distinct 
hiilanliydride ^ cdiaracter, and are easily hydrolysed, yielding oxyhalides 
ROX3. The pentavalent oxides when hydrated give weak acids, the 

1 That in, ihe^y an^ niiailar in proportiofl to tho halides of the non-motals, as scon in a 
corni)(»und Hiu'h jw IHUg, which may taken as typical. 
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Sb 
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salts of which, with alkalies, are of the ortho-, meta-, or pyro-type ; 
there is a close resemblance in this respect between vanadium and 
phosphorus. In the table, the symbols of the elements are preceded 
by their atomic numbers, the atomic number of the radioactive 
elements being deduced from their radioactive succession. 


ATOMIC WEIGHTS AND PHYSICAL PROPERTIES OF 

GROUP V. B. 



Nitro- 

gen. 

Phosphorus. 

Arsenic. 

Antimony. 

Bismuth. 

Atomic weight . 

14-008 

31-027 

74-96 

121-77 

209-0 

Colour (solid) 

White 

YeUow 

Violet 

Red 

Scarlet 

Dark grey 
Yellow 

White 

Metallic 

Lustre 

White 

Metallic 

Lustre 

Density (solid) . 

1-0265 

1- 83 (yeUow) 

2- 34 (violet) 

5*73 (metallic) 

6-618 

9-781 

Atomic volume 
(solid) 

13-6 

16-9 (yellow) 
13-3 (violet) 

14-8 

18-2 

21-3 

Melting-point, ° C. 

-210-5 

+ 44-2 

Below 800 

630 

269 

Boiling-point, ® C. 

-195-7 

+287-3 

i 

616 

1440 

1420 


The Niteogen Subdivision, with Subgeoup V. B. 

Atomic Weights. — Phosphorus, arsenic, and antimony constitute 
a triad, ^ the atomic weight of arsenic (74-96) being nearly the mean of 
those of the other two, namely, 75-5. The existence of these triads is 
due to the fact that the atomic weights of successive elements are 
roughly in arithmetical progression, and that the analogous elements of 
the second short period and of the odd series of the first and second 
long periods are separated by two complete symmetrical sections of long 
periods, namely, sulphur to germanium and chromium to tin. Since 
the atomic numbers are exactly in arithmetical progression, that of 
arsenic is the exact mean of those of phosphorus and antimony. Triads 
are found among the elements of Groups I. to VII., both inclusive, in 
the second short period, and the second halves (odd series) of the first 
and second long periods. They are also found between the first halves 
of the first, second, and third long periods from the zero to the second 
groups inclusive, until the sequence of the elements is interrupted 
by the “ rare earth metals. Therefore arsenic, antimony, and bismuth 
do not form a triad, since the sequence is thus interrupted between 
antimony and bismuth. 

Mass Spectra and Isotopes. — The atomic weights of these ele- 
ments approximate very closely to whole numbers. It has been proved 
by mass spectra analysis that nitrogen, phosphorus, and arsenic are 
pure elements, i.e. all the atoms have exactly the same mass. Antimony 
has two isotopes of masses 121 and 128 respectively ; the ordinary 
atomic weight (121*77) being nearly the mean of these. Bismuth again 

1 For the history of triads, see this series, VoL Vll., Part I. (1924), p. 4, 
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is a “ })ure eleuieut, the mass spectrum indicating an atomic weight 
of 209. No elements of the nitrogen subdivision are radioactive ; 
indexed this |)r()perty is absent throughout the whole group, except in 
the (*ase of iirauium mid protactinium. 

Atomic^ Volumes.- ~~The atomic volumes of the elements in tlieir 
condensed forms (solid or liquid) show a gradual increase with rise of 
atomic‘ w(Mght. They Wo at the to}) of the lower branch of the ascending 
parts of the atomic voluuie-atomic weight curve. 

Physical Properties.— As in the case of the sixth group, the lirst 
member is a, t.ypi(*al dia tomic gas ; the relations between nitrogen and 
phospliorus are very similar to those existing between oxygen and 
sulphur. 

The initial numdHa\s of the lirst three groups, namely, F^, Og, Ng, 
slunv a j)rogr(‘ssiv(‘ dt‘<»rcasc in f)oiling-point, the temperatures being 
8 ()*\ 9(f’, and 77'^ abs. res|)ectivcly. This s(‘quencc is suddenly broken 
with tlu‘ highly polyimudscd elements carbon and boi'on, which head 
(Jroups IV', and III. resj)cctively ai\d are the least volatile of all the 
ekammts. In tlu^ lowness of its l)oiIing-point nitrogen is only surpassed 
by n(‘on, b.pt. 27'\ hydrogem, ]).pt. 20 ®, and helium, b.pt. 4 - 3 ° abs. After 
nitrogem, the boiling-points of the grouj) subdivision rise sharply 
ihrotigh P to Sb and Bi, with a slight maximum at antimony. The 
melting-points rc^aeh tlnur maximum at either antimony or arsenic, that 
of bismuth being eousicl<Tal)ly lower. 

TIu‘ erystnlliiu* ibnus ot the elements are derived from the two most 
symmetri(‘ul systems, eubie and hexagonal. 

Atomicity of the (Gaseous Forms.— The elumges in the atomicities 
of the elenumts belonging- {<) tlie nitrogen suixlivision with rise of 
atomic weight are (|uiti‘ analogous to tliose whi(‘h are found in the 
oxygmi subdivision of Ciroup V^l. Th(‘ gaseous molecule, diatomic in 
llu‘ lirst numibcn', becomes mon^ complex, and then simpler again as 
W(^ desetmd the s<‘ries, until in ilu‘ eas(‘. ol* tlu^ last member at high tem- 
peraiurc*s a monaU)mic inoleeuh‘ eharaeteristie of ilie metals is formed. 
At temp(‘ratures slightly above the boiling-point the mean atomicity 
of tlu‘ vapours is P 4 , As 4 , wSh.j, and between and Ih^. At higher 
t(‘mpi‘ratures, as is nsiuil in su(‘Ii (‘ases, clissoeiation takes place. Thus 
the gaseous molecmles arc repr(‘S(‘uted by Asgat 1738® C., Sl) 2 at 1640® C., 
Bi at 2000" G. 

Allotropic Forms. “ Allotro[)y is eharae.teristic of the non-metallic 
elements. The "bietivt^ ” form of nitrogen (q^v.) |)robahly consists of 
single atoms, or of stndi associated with a rnoleeiile, lor example ozone. 
The allotropy of the solid non-metals is of a different kind ; the varieties 
are more unmerous and their transformations more sluggish. This 
kind rc^aehes its maxinium in phosphorus (and sulj)hur, see Vol. VII., 
Part II,). The nummxnis allot:r<)})ic forms of these elements arc supposed 
to be diu‘ to distinc’t kinds of mokxniles of differciR complexity. The 
eejuilibria and transfornuitions of these molecular species have been 
partly ttu<*idai(‘d with the aid of the phase rule. Tlic allotropic forms 
of arsenics also show considerable diffenmees in density and other 
physical propertic‘s, and in chemi(*ai reactivity. Such differences have 
almost disappearixl in llte case of antimony, although a yellow form is 
known. Ibsmuth sliow.s sligiit differences in density and crystalline 
form, wliicli arc found in the case of many metals. 
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Physical and Chemical Properties of Compounds. 

The principal types of compounds are summarised in the subjoin 
table. 


TYPES OF COMPOUNDS FORMED BY, GROUP V. 


Type. 

Nitrogen. 

N. 

Phosphorus. 

P. 

Arsenic. 

As. 

Antimony. 

Sb. 

Bismutl: 

Bi. 

RH3 

NH3 

PH3 

AsHg 

SbHs 

(BiHs 


N3H, N2H2, N2H4 

P2K4 

AS2H2 


BisH. 

Rab 

N2O 

(P4O) 

, . 



R2O2 

NO 



. , 

BiO 

R2O3 

N2O3 

P^be 

AS40g 

Sb40o 

BiaOs 

R2O4 

N2O4 

P.O4 

. . 

SbaOi 


R2O5 

N^Og 

P4O10 

AS205 

Sb20g 

Bi.,06’' 

RCI3 

NCI3 

PCI3 

AsClg 

SbClg 

Bids 

RCI5 


PCI5 

AsClg 

SbClg 

. . 

ROCl 

NOCl 


AsOCl 

SbOCl 

BiOCl 

ROCI3 

, , 

POCla 

, , 

(SbSCls) 

. . 

H3RO3 

. , 

H3PO3 

HgAsOgt 

HgSbOgt 

. , 

or R(0H)3 

. , 


, , 

Sb(OH) 3 t 

Bi(OH) 

HRO3 

HNO2 

HPO2 

HAsOat 

HSbOat 

BiO(OI 

HRO3 

HNO3 

HPO3 

, , 

HSbOsJ 

UBiO;,; 

H3RO4 

« • 

H3PO4 

H3ASO4 

H3Sb04t 

. . 

R2S2 

N4S4 

(P4S3) 

AS2S2 


. . 

R2S3 


(P4S7) 

AS2S3 

Sb2S3 

BiaSa 

RaSg 

N',Sg 

P2S5 

AS2S5 

Sb2Sg 


M3R 

Mg 3 N 2 


Nag As 

ZnaSbg 

MggBi; 


The elements, certainly up to and including antimony, and possib! 
also in the case of bismuth, form definite hydrides of the general fomui 
RH3. This sign of non-metallic character is hardly developed in bismiit 
which can, however, form organo-derivatives such as trimethyl ai 
triphenyl bismutMne, Bi(CH3)3 and Bi(CeH5)3, as also methyl bi 
muthine, CH3 — BiHg. The other elements form very stable ai: 
numerous alkyl and other substituted compounds of the ammoniii 
type, including tetra-substituted ammonium, phosphonium, arsoniin: 
and stibonium bases. Ammonia is formed by direct combination wil 
hydrogen in the presence of a catalyst, and is almost completely dissoc 
ated at a high temperature. Phosphine and the other hydrides are ii< 
formed by direct union but only by coupled reactions. Their princi|>; 
physical properties are as follows : — 


^ In some cases the formulse represent molecular weights ; when these are unkiiu v 
the simplest formula is given. 

* Behave as peroxides. 

t Degree of hydration indefinite. Probably only monobasic. 
t Known as salts. 
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THE PHYSICAL PROPERTIES OF THE HYDRIDES 
OF GROUP V. B. 



NU,. 

PH,. 

AHir„. 

SbHa. 

Boiling-point, C. . 

99-5 

8() 

-- 55 

— 18 

Mc^lting-poiut, i\ . 
Heats of formation 

.^75 

-192*5 

™-119 

-88 

(Cals, per mol.) . 

-1-12 

I 11*(> 

— 9()*7 

^82 to -85 


Tlu‘ power of adding on waiter, witli the prodtictioii of a baise, possessed 
by ammonia, is lost in tlu^ eaise of })hos|)lune aind the snbscqucnt 
hydrides, ailthou^di phosphiiu' is still (‘jipable of auldin^^’ on to a stron^^ 
aeid givin^^ phosphonium eompounds ; ais, for exainiplc, phosphonivim 
iodide, PH.iL Tlie gtaiend instability shown by the heait of forination, 
the temperature ait which dc‘(‘omposition oe(‘urs, aind by numy ehemieail 
reaetiims, inermises nipidly from phosphine^ to stibin(\ 

(hvi(h\s\ Nilro^cai eond)iues with oxygen directly, but only to a 
limited extent ; it does not, for example, yield either the pentoxide, 
NgO^, or the peroxides N 2 O 4 , by direct union. Theses airii only ol)tauncd 
by indirect nuuins. Phosphorus combines dir(*cUy with oxygen, giving 
iKith the higher oxides lowea* oxide, P^Od- Arsenic, iiuti- 

mony, and bisnmth, when burnt in oxygen, give As^O^, and BigO^ 

rest>(a’tiv<‘Iy. In ord(‘r to obtain tlu‘ higluT oxidtis of theses elements, 
oxidising agtmts are^ rcajuired. Data are not available for a eoini)letc 
comparison of tlu^ heats of formation. TIu^ following figures give the 
h(*ats of union of gaseous nitrogtau and the rianaining elemeaits in the 
solid state, wit li gasceais oxygcai : — 

PsfOg. Ah^O^. AhjO;,. ShaO.,. 

1 :M mo 219 15(M l(Kh9 199*2 Cals, per mol. 

The heats of formation and of hydration of the oxides riaieh their maxi- 
mum in tluMuisc of phosphorus. The acids are dehydrated more easily, 
and th(‘ salts dmaveal from th(\s(^ are more naidily hydrolysed, as the 
atomic weiglrts of llu* (‘kammts increas(^ Tlu^ oxides ol' tlie tcrvalcnt 
and <|uin(|ue valent (‘kunents wlum hydrahal give the -ous and -ic acids, ^ 
Of are known in salts dcTivtal from tiu*s(‘. In tlu^ ease of P, As, Sb, 
iliesc^ acids, botli -ous and -i(% or tluir salts, can b(‘ classified in the 
types known as ortho-, pyro-, and meta-, in order of diminishing hydra- 
tion, tlie Idrnmhe being analogous to those of the prototyj)es II 3 PO.J, 
H 4 B/),, HP()„ and H,P() 4 , H^P/),, IIPO,. 

Halidm. -'-lyitect (a)mhimition with the halogcms docs not take i)hice 
in the ease of nitrogen, and the halides, when formed by indirect means, 
are uustabk" and exj)losive. Phosphorus, arsenie, and antimony com- 
bine dire<’tly with fluorine and (‘lilorinc to give both ter- and quimpic- 

‘ Exc'i'ia in thti c*4iw* hiKinuth; thu hy<l^<>x^<i^^ of t<n’val<*nt/ iuHinuih h(ung baBig(uiic 
only, whilo iliai of ((uitnjU(*vafr.nt tuHnuilU in only known an an atntl in mota- 
«»f tiu* iilkalio.H, and an a nomptnn’nt of tho inkn’miuiiak^ oxide, .91204. 
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halides. The heats of formation of the halides are less than in the case 
of the more metallic elements. The resulting compounds are halan- 
hydrides in the case of phosphorus and arsenic, while antimony and 
bismuth may be regarded as yielding salts of very weak bases, with 
some halanhydride characters. The heats of formation are as follows : — 

PCI3. ASCI3. SbClg. BiClg. PCI5. SbClfi. 

+76-6 71*3 91-4 90*6 109*2 104*9 Cals, per moL 

Sulphides . — The sulphides of all the elements in the subgroup, 
except nitrogen, can be made by direct combination in the dry way. 
The sulphides of arsenic, antimony, and bismuth can also be precipi- 
tated from solution. The two former are really thio-acids uniting with 
alkaline thio-bases to form salts. The sulphides usually belong to the 
same valency types as the oxides, the tri valent being the most usual. 

General Characteristics of Nitrogen. 

Nitrogen alone among the common elements is found almost ex- 
clusively in the atmosphere, and only to a relatively minute extent in 
the solid and liquid ‘‘ ten-mile ” crust. In its mode of occurrence it 
thus resembles the “inert gases” of the atmosphere, and, like them, is 
also found in small quantities in gases which issue from hot springs, and 
dissolved in the ocean. Actually the proportion of nitrogen in the ten- 
mile crust with atmosphere and hydrosphere is only 0*03 per cent. 

The part which it plays in the atmosphere as a diluent gas, inert 
in ordinary combustions, and its separation by liquefaction and other 
methods, are fully dealt with in Vol. VII., Part I., of this series. 

Although relatively less abundant than, say, a less known clement, 
such as titanium, the billions of tons present in the atmosphere are 
readily accessible to the transformations of modern chemistry. In a 
state of combination it is essential to all living organisms, forming as 
it does 15 to 17 per cent, by weight of proteins. It confers upon tlicm 
variability of reaction, as carbon confers a certain stability. 

The commoner compounds of nitrogen are easily decomposed by 
the action of micro-organisms, heat, hydrolysis, and the affinity of other 
elements for the oxygen, e-g. of nitrates, or of oxygen for the hydrogen, 
e.g. of ammonia. Nor are these compounds usually formed by natural 
agencies ; both in their formation and their conservation the nitrate 
deposits of West South America are exceptional. A few nitrides also, 
such as that of boron (see p. 47, and Vol. IV., in this series), are 
exceptionally stable under ordinary conditions ; but even these will not 
resist the action of superheated steam, and their decomposition probably 
accounts for the ammonia present in the steam from some hot springs. 

Nitrogen is the diatomic gas of lowest group number,^ and, like 
oxygen, it is the only diatomic gas in its group. Its resemblances to 
oxygen are considerable and its contrast to carbon is extreme. Like 
oxygen, it forms compounds with all the elements of the first two series 
except fluorine and the inert gases. Like oxygen, it forms gaseous 
compounds with carbon, solid compounds with the metals, with boron 
and silicon, volatile compounds with phosphorus, sulphur, and chlorine. 
The nitrides are, however, in some cases, e.g. those of sodium and 

^ Omitting hydrogen, which in this series is in Group I. 
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silicon, less defined than the oxides. While oxygen is always the 
electro-negative part of its compounds, nitrogen is in a few cases, e.g, 
in combination with oxygen and chlorine, the electro-positive part of 
the molecule. 

In the number and valency type of its hydrides it most nearly 
resembles its congener, phosphorus. Both boron and silicon, and of 
course carbon, form a greater number of hydrides. Some of the hydrides 
of nitrogen are unique in that, when hydrated, they form alkalies, 
i.e, the solutions contain hydroxyl ions, and it is noteworthy that the 
same clement also forms a strongly acid hydride, hydrazoic acid. 

In the mu\ibcr and valency type of its oxides nitrogen most closely 
resembles vanadium. The higher oxides arc anhydrides which, on 
hydration, give the strong nitric acid and the weaker nitrous acid. 
Salts c‘an be formed which contain the hydride cation united with the 
oxide anion, e.g, ammonium nitrate. In this property also nitrogen is 
unique. 

The allotropy of nitrogen is only exhibited in active nitrogen, of 
which, however, the molecular weight is unknown, and which can only 
be prepared in much smaller quantities than ozone. 

The properties of liquid ammonia are somewhat similar to those of 
water ; l)oth compounds arc removed from the ordinary sequence of 
the hydrides of their respective groups, probably on account of poly- 
merisation, The — Nil 2 radical plays a part very similar to —OH in 
many reactions (sec p. 79 ). Other radicals containing nitrogen which 
enter into a grcjit variety of reactions arc, imido =:NII, oximido —NOII, 
nitro.so NO, nitro — NOg, and diazo — N— N— . 

Tlu‘ n(‘Utral oxides of nitrogen, N2O and NO, arci represented accord- 
ing to (‘k?ctroni(t theories of valency by space formuhe similar to those 
used to r(‘i)resent CO 2 and CO respectively. 

The higher oxides, N2O3, and N2O5 are acid anhydrides. 

The ailinity of hydration, both of the hydrides and of the a(*.id 
anhydrides, is considerable. In the other members of the group the 
ailinity of liydration of the hydrides is practically zero ; while that of 
the anhydrides rc'aehes its maximum value iu the case of phosphorus, 
is moderate in tlie ease of |)hosphorous oxide and arsenic pentoxide, and 
only slight in the ease of the other oxides. 



CHAPTER II. 


THE NITROGEN ATOM— VALENCY, STEREO- 
CHEMISTRY, AND STRUCTURE. 

The Valency of Nitrogen. 

Accoeding to those fundamental conceptions of valency which are based 
on the numbers of elements which combine with one another to form 
stable compounds, the elements nitrogen, phosphorus, arsenic, anti- 
mony, and bismuth possess the well-defined valencies of 3 and 5, which 
have been already illustrated by typical compounds (see also this 
series, Vol. I., section on “Valency ”). The spatial directions in which 
these valencies are distributed around the central atom have been 
most fully elucidated in the case of nitrogen, which will therefore be 
taken as the prototype to which the other elements are already known 
to conform to some extent. 

Isomerism among compounds of tervalent nitrogen of the type 
a 

h — N — c will not be found if the valencies are in one plane, but only 
if they are bent; as, for example, along the edges of a tetrahedron.^ 
Actually, substituted ammonia bases have not been prepared in 
isomeric forms (or stereo-isomeric optical antipodes) by any of the 
usual methods. 

It does not follow that the valency directions are in the same plane, 
for the absence of isomerism would be equally well explained by an 
extreme lability or interchangeability of the occupied positions with 
the spare valency or “ lone pair.” ^ 

If the nitrogen atom is united to another atom by a double bond, 
which, as in the case of the ethylenic linkage between two carbon 
atoms, is incapable of free rotation, a geometrical isomerism becomes 
possible. The discovery of two isomers of benzildioxime,^ followed 


^ Van ’t Hoff, Ansichten uher die Organische Chemie, 1878. 

^ Optical activity is found in the case of the tri-substituted sulphonium ion, 



which is quite analogous in constitution, but differs by having a charge which is imparted 
by one of the radicals H. There must, in this case, be some hindrance to that free 
interchange of positions which wa.a postulated in the case of the substituted ammonias 
(see below, “Electronic Theory”). In the case of solid ammonia it has been proved by 
X-ray analysis that the atomg of hydrogen are in one plane (Mark and Pohland, Zeitsch. 
Krestallog.y 1925, 6i, 532). 

® Goldschmidt, Ber., 1883, IS, 1616, 2170. 
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by that of a third form of this compound i (see below, p. 12), was first 
explained by different configurations of the molecules round the singly 
linked carbon atoms, while the somewhat simpler example of the 
isommc a- and ^-benzaldioximes ^ was explained at first as being due 
to dmerences in structure. These hypotheses, however, did not agree 
with further facts, and all such cases of isomerism are now attributed 
to the spatial configuration of the groups attached to the nitrogen 
atom.^ ^ 

Stereochemistry. 

Many further proofs have been given of the hypothesis that the 
three valency directions of the doubly bound nitrogen atom are not 
coplanar.^ If we compare with one another the corresponding carbon 
and nitrogen atoms in acetylene and hydrogen cyanide, also benzene 
and pyridine, and assume that the three carbon bonds are directed to 
the angles of a tetrahedron, so also will be those of the nitrogen : 


H H 



H 


If, now, one pair of bonds is severed, the nitrogen becomes doubly linked, 
and if tlic third valency retains its direction, two spatial arrangements 
result which may be represented by the diagrams or formulae 



e.g. the ehloro-benzo-phenone-oximes, by 


Cl— CeII,-»C— Cells Cl-Cell,— C-CeH^ 


no— N 


N— OIL 


Tliesc forms arc known as syn- and anti- with respect to the groups 
‘‘a,” according to whether the group “ c ” is on the same side as, or on 
the opj:>osite side to, “ a.” The isomers show differences in physical and 
chemical properties such as characterise the geometrical isomers derived 
from ethylene. Their configuration has been discovered by reactions, 
such as that of Beckmann. When treated with PCI 5 in benzene or 
petroleum spirit they are converted into amides, and these with the 
acids formed by their hydrolysis should be, and are, different in the 
two cases : 


A V. Meyer and Auwers, B&r,, 1889, 22 , 705. 

Beckmann, ibid.^ 1889, 22 , 429, 1531. 

** Hantzsch and Werner, ibid.y 1890, 23 , 11. 

Mills and Miss Bain, Trans. Ghem. Soc., 1910, 97 , 1866 ; ibid.^ 1914, 105 , 64. 
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a—C—h HO— C— 0=C— 

II II — I 

HO— N a—N a— N— H 

a—Cr-~b a— C— OH C=0 

II -^11 -^1 

N— OH N—b n—N—b 

Finally, it may be mentioned that the dioximes, such as benzildioxime, 
should exist in three isomeric forms, and this is found to be the case 
(see above) : 

Ph— C C— Ph Ph— C — C— Ph Ph— C — C— Ph 

II II II II II ' II 

N— OH HO— N HO— N N— OH HO— N HO— N 

Syn-. Anti-. Amphi-. 

A similar type of isomerism is found in the hydrazones, 

\C=N — ^NHR, and osazones. There is also considerable evidence 
b^ 

that the diazo-compounds exist in syn- and anti-forms : 


Ar— N 

Ax— N 

Ar— N 

Ar— N 

_ II 

II 

. II 

II 

X— N 

N— X ■ 

KO— N 

N— OK 


Full details may be obtained from text-books of organic chemistry. 

Change of Valency . — There are many compounds, such as the am- 
monium bases, nitric acid, etc., in which it seems impossible or unnatural 
to retain the trivalency of nitrogen, and the simplest assumption, on the 
older ideas, is -^at of quinquevalent nitrogen. In compounds such as 
nitric acid, Og^N — OH, nitryl fluoride, Og^N — ^F, the five negative 
valencies are the contravalencies of Abegg’s system (see this series, 
VoL I.). Ammonium and substituted ammonium salts are clearly 
of a different type; of the two extra valencies, one is a positive or 
hydrogen valency, of the same kind as the first three, and the second 
is an electrovalency. A change in the valency of nitrogen is exhibited 
in the tautomerism of hydroxylamine and its derivatives : 

H2==N— 0H^H3=N=0 ; 

also in the formation of ammonium salts and the salts of ammonium 
bases : 

and in the tautomeric change of pseudo-bases into true bases or baso- 
forms : 

=C(OH)— NRg-^ =C ^NRgOH. 

It is now no longer necessary, however, to postulate the existence of 
quinquevalent nitrogen, since all these changes are satisfactorily ex- 
pressed by the new valency models based on the electronic structure 
of the atom. Indeed, these theories deny the possibility of quinque- 
valency of the organic type, Le. quinque-covalency (see below). 
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The Structure of the Nitrogen Atom. 

Nitrogen having an atomic number of 7 possesses a nucleus con- 
taining 14 protons or units of atomic mass, each carrying unit positive 
cliargc, together with 7 electrons, the net positive charge being 7. 
Closely associated with this are 2 more electrons (K electrons), and in 
the outer s})here or shell 5 more valency electrons (L electrons). Only 
this outer shell is represented in the models, which show chemical 
combination. The model of Kossel,^ however, shows all the electrons 
except those which are in the nucleus. 

A completed outer shell contains 8 electrons, which in the models 
of Lewis and Ijangmuir are symmetrically disposed on the angles of a 
cube, as in the case of the inert gases. The incomplete shell or ‘‘ sheath ” 



Fki. 1. — Plano motUt of Uio uiiroji:on 
atom (KohhoI). 





Eia. 2. — Cubic model (Lewis and 
Langmuir). 


of 5 electrons may for convenience also be represented on a cubic 
modcL^- 

The Electronic Systems of Combined Nitrogen.— When nitro- 
g(‘n (combines with 3 atoms of hydrogen or clilorine, or with 3 univalent 
radicals, it forms 3 dii})let valency bonds, in each of which 1 electron 
has been contribut<‘d by ea(‘h clement. It thus completes the “ octet ” 
or stal)le shell, and may be regarded cither as a cube, of which the 
c‘dg(\s form the bonds, or preferably as a tetrahedron, at the angles 
of which are situatcnl [)airs of electrons. The latter method has 
the advantages of repiXNseuting in an intelligible manner a trivalent 
combination (sucli as 11 ('N and N 2 ), and of being uniform with the 
systcan so successfully adapted to the representation of carbon com- 
pounds. The single bond is thus represented by contact at angles, 
the dotiblc^ by contact along edg(.‘S, and the triple by contact over faces, 
of two adjaciiuit tetraliedra. These types will be found in F.^, Og, and N 2 
respectively ; and the superior stability or greater inertness of the 
N N molecule may be due to this configuration. 

The Three Kinds of Valency.— The electronic models of chemical 
eoml)ination have sup])liecl a logical and consistent mode of representing 
the valenci(‘s (wen of (X)mpounds, which could not be so represented by 
any of the older theori(‘s. As nitrogen has always held a central position 
in the field of discussion, this is perha})s a suitable place in which 
to siimmarist^ the con(‘lusions which have been reached at present. 


^ Kobhc*!, A nn. Phynik, 1910, 49, 229. 

^ UiwiB, ./. Afmr. (Jhem. 1910, 38, 202, 
® Langmuir, ibid., 1919, 14 , 1543. 
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Historically, the idea of electro valency as combination with or rejec- 
tion of the electron was first suggested by Thomson, ^ and more definitely 
by Ramsay.2 The explanation of ordinary valency of thp organic type 
as being due to pairs of shared electrons owes much to G. N. Lewis. ^ 
Finally, the idea of mixed bonds, which is a logical development of 
electron theories, was developed by Lowry, ^ and some results were 
stated in the form of postulates by the author ® as follows, under (3) 
below. They are particularly helpful in dealing with co-ordination 
compounds.®* ® 

The three kinds of valency are : 

(1) Electrovalency, the electrostatic force which unites the ions of a 
salt, e,g, Na+ . . . Cl- either in solution or in the solid crystal. Of this 
kind are the oxygen and halogen valencies of the metals. 

(2) Covalency, which unites the atoms of non-polar compounds of 
an organic type, e.g. CH4. Of this kind are the hydrogen valencies of 
the elements, particularly the non-metals. In this case, each atom 
shares one or more of its electrons with the other. 

(3) Electro-covalency, which unites some of the atoms of co-ordinated 
groups, such as K4[Fe(CN)e], [Co(NH3)6](N02)3. This mixed bond 
consists of a pair of electrons, but also produces an internal field of force 
or latent polarity. This kind of valency also probably unites the non- 
metals with one another, or with oxygen in the oxy-acids. In this case, 
two adjacent atoms share as before two electrons, but both electrons are 
supplied by one only of the sharing atoms. 

Ammonia, Amines, Ammonium Salts, and those of Quater- 
nary Bases. — ^Ammonia and other trico valent compounds may be 
represented as : ^ 


H 

R 

N f j H 

R f j N 


in which the scroll divides the electrons which are contributed by each 
atom. 

Nitrogen having completed its octet is now saturated. It still 
possesses, however, a ‘"lone pair,” and, by virtue of this, can at- 
tach another atom which lacks an electron, such as the hydrogen ion 
H’’". This carries with it the positive charge, since the whole group, 
the ammonium ion, has one electron less than the sum of all those re- 
quired to make all the atoms electrically neutral. Precisely the same 
reasoning applies to salts of substituted ammonium bases, since R4 in 
R4X must lose an electron to the halogen X before it can become 
attached to the nitrogen. 


« 

1 Thomson, “The Corpuscular Theory of Matter ” (Constable, 1907). 

2 Ramsay, Trans. Ch§m. Soc., 1908, 93 , 774. 

® Lewis, “Valence and the Structure of Atoms and Molecules” (Chem. Catalog. Co., 
1923), chap. vi. 

^ Lowry, J. Soc. Chem. Ind. {GJiem. and Ind.), 1923, 42 , 412. 

® Pride aux, ibid., 1926, 44 , 26. 

8 Lowry, ibid., 1923, 42 , 224, 316, 412, 462, 672, 711, 746, 1005, 1048. 

’ Spiers, ibid., 1923, 42 » 534. * 

8 Brockman, ibid., 1924, 43 , 756 ; 1925, 44 , 25. 
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3- 

>11* X- R, ^ N ;)r± x-.i 

Rg 

According to the rule of Langmuir,^ if ^—number of duplets or 
bonds, ^ n=number of octet-forming elements, and E^=the sum of 
electrons on all the atoms, then 

2p~Sn—'Ze, 

and we have for ammonium chloride. 


R^— N- 

I 

Rg 


2p=8X2-(5+T+4) = 0. 

Thus there are no duplets uniting the main elements N and Cl, which 
are only united by an electrovalency. 

It will be found that most, if not all, compounds containing the 
supposed quinquevalent nitrogen can be explained in this way. Thus 
a compound of the tetramethyl ammonium ion with triphenyl methyl 
is found to be an electrolyte, and may be regarded as a salt : ^ 

N(CH3)4-^ . . . C(CeH3)3~. 

When ammonia combines with water which is only slightly dis- 
sociated, ammonium hydroxide, also slightly dissociated, is produced, 
whereas when it combines with hydrochloric acid which is highly 
dissociated, the highly dissociated ammonium chloride is produced. 
In both cases the NHg acts as an ‘‘acceptor of hydrogen ions” (see 
p. 4). 

The tautomeric change of hydroxylamine into the tautomeric oxy- 
ammonia takes place, as in the older theory, by the migration of a 
hydrogen atom. The nitrogen, however, does not become quinque- 
valent, but quadrivalent, with one “ mixed bond ” : 

H 

H ; N (j o (j H — H f j N o ; 



The compound on the left can form salts of hydroxylamine, while 
that on the right can only form “ oxonium ” salts. 

In the substituted hydroxylamines and the amine oxides these two 
structures are fixed, and their isomerism then becomes evident by differ- 
ences in properties. Isomerism is also shown by the compounds 

[R3NOR+][ORi]’- and [R 3 NORi+][OR-].s 


^ The full and abbreviated symbols are those proposed by Prideaux in 1925, he. cit. 
2 Langmuir, J. Amer. Chem. Soc., 1919, 14, 1543. 

® I.e. which unite octet-forming elements. 

^ Schenck and Holz, Ber., 1917, 50, 274. 

^ Meisenheimer, Annalen, 1913, 397, 273. 
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A progressive weakening in the tendency to add H**" or etc., 

and to give “ -onium ” compounds is shown by the series NH3, NHgOH, 
NCI 3. It is due to the opposing pull on the electrons by the increasingly 
negative substituent, which thus leaves the nitrogen atom more positive 
and, therefore, with a less tendency to combine with positive groups. 
In NH3 the nitrogen atom exerts a stronger pull on the common 
electrons than does a hydrogen atom, as is shown by the fact that 
in NaNH2 tbe nitrogen has gained a negative electron with forma- 
tion of a hydrogen ion, which then gains the electron again from the 
sodium : 

NHg- . . . H++Na=NH2- . . . Na++|H2. 

The potentially negative nature of the nitrogen atom thus revealed 
accounts for the ease with which ammonium ion, is formed. 

In NH2OH the oxygen exerts an opposing pull on the common electrons, 
the nitrogen is less potentially negative, and consequently hydroxyl- 
amine salts are formed to a smaller extent, or are more hydrolysed, 
than ammonium salts. 

. In chloramine, NH2CI, the strongly electro-negative chlorine com- 
pletely destroys the tendency of the nitrogen to attach itself to 
positive ions. 

Stereochemistry of Ammonium Derivatives. — ^The resolution 
into optical isomers of compounds of the type abcdX. had already 
been partly effected by Lebel,^. who, by acting on a solution of methyl- 
ethyl-propyl-ammonium chloride with the mould ‘‘ penicillium,” ob- 
tained a feebly Isevo-rotatory effect on polarised light. 

By combining Wedekind’s a-phenyl-benzyl-allyl-methyl-ammonium 
iodide with silver d-camphor sulphonate, Pope and Peachey ^ obtained 
iodides having rotations [ajo of ± 66-8 in chloroform solution. 

The various models which have been used to represent the configura- 
tion of quinquevalent nitrogen compounds can now be replaced by the 
simple conception that the ammonium ion is quite analogous to the 
methane molecule, and the asymmetric nitrogen atom which it contains 
is dextro- or lasvo-rotatory according to the arrangement of the groups 
abc when viewed from the fourth angle d : 

+ + 

and 

c b 

Isosteric Molecules containing Nitrogen. — ^Two compounds 
which can be represented by similar figures containing the same numbers 
of octets similarly combined are said to be “ isosteric.” Such pairs often 
show a close similarity in physical properties ; for example, we have 
nitrogen and carbon monoxide, nitrous oxide and carbon dioxide. The 
atoms can be represented by tetrahedra, but it is more convenient to use 
cubes in cases where this is possible. These are conventionally repre- 
sented below by formulae, in which the dots between the atoms represent 
shared or binding electrons : 


^ Lebel, Compt. rend., 1891, 112 , 724. 

2 Pope and Peachey, Trans. Chem. Soc., 1899, 75 , 1127. 
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The cyanide and isocyanide ions are also isosteres of carbon monoxide, 

[ : C : : : N :]« 

It is not, however, to be expected that these isosteres will all exhibit 
the same reactivity ; for an ion, such as the ammonium ion, is ob- 
viously in a different state from methane. Even, however, where the 
physical state is the same as in CO and Ng, a closer examination will 
show differences in the nature of the bonds. Thus, while all three 
bonds uniting the atoms in the nitrogen molecule may be normal 
shared duplets, one of the CO bonds must be a “ mixed bond.” So 
also in the CO 2 molecules, all the valencies being hydrogen valencies 
are normal duplets, whereas in N 2 O each nitrogen is united by a normal 
and by a mixed bond. 

Oxides and Oxy-acids of Nitrogen , — In all these compounds except N 2 O 3 
and HNO 2 the mixed bond must be present. Nitric acid itself is probably 
a co-ordination compound if represented by the strict octet theory, as : 

0=N— 0~ H+ 

I 

0 

Since, however, the X-ray examination of crystalline nitrates has 
shown that the three oxygen atoms are symmetrically placed round 
the nitrogen,^ it is usual to represent the nitrogen atom with a sextet 
instead of an octet of electrons thus : 


or 


0 • N ■ jo 


in the symbols proposed above (p. 15). 

The Ammines . — Since the ordinary valencies of nitrogen are saturated 
in ammonia, this radical is necessarily attached to the central metal 
atom by mixed bonds, which are thus found to be identical with the 
“ auxiliary valencies,” etc., postulated by Werner and others. Indeed, 
all co-ordination complexes may be shown to contain mixed bonds (see 
definition ( 3 ) above). The numbers of electrons thus added to the 
central atom are in many cases those required to make up the next 
stable configuration or zero group gas. As has been pointed out by 
Lowry, ^ a shortage of one or two electrons may be tolerated, but hardly 
an excess. Cobalt hexammine chloride is an example of the completion 
of the stable shell by the addition of “ lone pairs ” on the ammonia 
radical. 


1 In these arrangements, which are adopted to save space, it is understood that each 

of the pairs is shared. 1 „ 

2 G. N. Lewis, “ Valence and the Structure of Atoms and Molecules, 1923, p. 101. 

2 Lowry, J. Soc. Ghem. Ind. {Ghem. and Ind.), 1923, 42, 318. 

VOL. VI. : I. 
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Thus in 

(H 3 N )3 > Co J (NH3)3 

> < 

the cobalt has gained 12 Q from the NH 3 and lost 3 Q to the halogen 
atoms, the net gain being 9, which raises its atomic number from 27 to 
36, i,e. that of krypton. 

Disintegration of the Nitrogen Atom. — When a-particles, 
emitted from radium C or other suitable source, pass through hydrogen 
and some other gases, they produce a few swiftly moving particles* 




Pig. 3. — Apparatus for effecting and examining the disintegration of the 
nitrogen atom. 

r, brass tube. 

f, t, inlet and outlet tubes for gases. 
iJ, source of a-particles. 
a, absorbing layer of silver foil, etc. 

8, scintilla tiug screen of zinc snlphidn. 

M, microscope. 

P,’ pointer. 

(?, graduated scale for measuring thicKness ot absorbing air. 


which have a range of about four times that of the exciting a-particles, 
and which can therefore be detected independently of these by the 
scintillations which they produce on a screen of zinc sulphide.^ The 
later publications of Rutherford and his collaborators, and others, leave 
no doubt that these particles are “protons,’’ or hydrogen nuclei, each 
bearing unit positive charge, which are ejected from the nucleus of an 
atom by elastic or end-on collisions with the a-particles.^ In the case 
of hydrogen, one collision in about one thousand million produces a 
swift particle. 

The apparatus ® consisted of a tube, containing the gas under 

^ Rutherford, Phil Mag., 1919, 37, 537, 562, 571, 581. 

^ 2 Rutherford and Chadwick, ibid., 1922, 44, 417 ; 1921, 42, SOI); sec also Rutherford, 
ibid., 1914, 27, 488 ; Darwin, ibid., 499 ; Marsden, ibid., 824 ; Marsden and Larisberry, 
ibid., 1915, 30, 200; see also Chadwick and Bieler, ibid., 1921, 42, 923 ; Bidcvr, Proc. Hog. 
Soc., 1924, A105, 434. 

® Rutherford, Trans. Ghtm. Soc., 1922, 121, 400. 
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exainiiuitioii, in \vhic‘h is lixtal a plate bearing the radioactive preparation, 
aiul at oiU‘ taui opposi(<‘ to this a brass plate, in tlie eeutre of which is cut 
a small o[Haung which is elos(‘d by a thiu |)Iate of metal, such as silver, 
alumii\iuiu, or iron, whosi‘ slopping power for the a-particles lies be- 
I w(‘en t and (i <*m. oi air. The zinc sulphide s(vreeu is placed opposite 
the opening outside^ the tube and distant 1 or 2 mm. from the metal 
covta’ing. A small portion of the screen, about 2 mm. in diameter, is 
view(‘d by a mi<a’oseop(‘ which lias a magniheation of al)out 40. The 
tube is (auar(‘h‘d by the polt's of a,n electro-magnet, which dellects the 
swift jS-rays or m‘gati\*e (*lectrons away from the screen. 

In I his apparatus, hydrogiag and then other ekaneuts and (compounds 
hav(‘ l»een ivsivd for th(‘ emission of swift particles of long range. Tlu‘ 



Fui. 4. Aimurptitm of H |»arlu‘It‘H dorivc'd from fuul hydrogen. 

(Hirvn l. eii.riJlrli?H from iiitrogrn forwanl. 

„ U. l*artl(ilrH frt»m nltrojj;<iu liiu'kward. 

„ n, CurtUdra from hytlroK<*n, 

following desenpti<m is <juoUhI mainly from one of RutluTford’s pajiers : ^ 
When tlu‘ hy<lrogcai is r(*pla(*ed hy dry oxygen or carbon dioxide there 
are si ill a lew seiut illations which wca’i* iH'lievaal to 1 h‘ diu^ to tra(t(‘s of 
hydrogcai. Tht‘ numlHa* of seint illations was imaxaistal thnse to four 
linu’s by substituting air in llu* tuh(% and in a. gnaiha- proportion hy pure 
nitrogiau Wluai u-parli(’les having a. uniform raingt^ of 7 (tm. of aiir aire 
employed, tin* swift purtictes derivial from hydrogcai have ninge of just 
under *10 can, , and no scant illations can he ckdeaded aftca* aibsorption by this 
ihieknc'ss c»f air or an ca|uivalcait thiekimss of olhea' aihsorhing substance. 
The* partic*l<*s from nitrogcai, hc)W<*ver, can hc^ detca'tcal aftca* an jihsorf)- 
tion of 40 em, of air or its ec|ui valent. Those b(‘twt‘eu *10 and tO can, 
cannot, tlu-n-forc*, he* aserilnal to tniees of hydrogem or its <*ompounds 
which might be prc'sent in the* nitrogen. Tlu'sc* partiel(*s mv dc'llectctd 
hy a magnetic fu*ld like the H“partiel(*s, with whieli tliey ap[R!ar to he 
ideuticail in all rc*spc*<*ts except in velocity and nuige. Thcar maximum 
velocity is 1*0 a, where v is the veiocaty of the a-partiele. Some* are 
c*jeeied in a dirc*c*tion contrary to that of tlie bombarding a-[)arti(!l<‘s ; 
the maximum backward range being 18 em. The number emit teal in 

* Huthi*rf{)r<h 
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all directions by a million a-particles of range 8-6 cm. is about 20, The 
same particles can be emitted from the nuclei of other elements (see 
below), and in particular phosphorus, which gives about the same 
number as nitrogen under the same conditions, but of a greater range, 
equal to 65 cm. of air. No element of higher atomic weight than phos- 
phorus was found to give the swift H-particles. 

It has been calculated that the chance of liberation of an H-particle 
from nitrogen is not more than of the chance of liberating one from 
hydrogen in corresponding motion. The a-particle has to penetrate 
more deeply into a more complicated system of electrons in the former 
case. That such a penetration may also cause a backward ejection was 
shown by the simple sketch reproduced from Rutherford’s paper. ^ 
Certain conclusions as to the structure of the atomic nuclei have been 



Fig. 5. — Production of swift H-particles from the nitrogen atom (after Rutherford). 


drawn from these results. In the first place, it is noticed that H- 
particles are only liberated from elements the atomic weights of which 
are given by the series: A=4n-f2 or 4^+3 (where n ” is a whole 
number). In the case of nitrogen, A=4X3+2, and in that of phos- 
phorus, A =4 X 74-3 • 

Carbon and oxygen, with atomic weights of exactly 4n, give no 
particles, and helium also (in which 7z=l) has never been disintegrated 
by bombardment with a-particles. In the formation of the helium 
nucleus great energy is liberated and there is loss of mass, since the 
4 protons coalesce to give a mass of 4 instead of 4X1-0077; but in 
the atoms of atomic weight, 4n-f 2 and 4n+3, the odd protons are prob- 
ably more loosely held and may retain their mass. “ If it be supposed 
that the nitrogen nucleus is made up of 3 helium atoms of total mass 
12, and 2 hydrogen atoms, the mass of the nitrogen atom should be 
not 14-00 but more nearly 14-01.” In this connection it should be noted 
that nitrogen contains no mass-spectra isotopes (p. 4). The tracks of 
ionised particles may be made visible and photographed as lines of 
condensed water when the a-particles pass through a vessel of super- 
saturated water-vapour (method of C. T. R. Wilson). It may be 
expected that a more complete record of the collisions should thus be 
obtained. Such photographs have been taken in an automatic form of 
Wilson’s apparatus by a camera which exposed two standard cinemato- 
graph films at right angles. ^ Twenty-three thousand photographs were 
taken, and a few of these showed the expected effect in a very striking 
manner. 

1 Rutherford, Trans. Chem, Soc.y 1922, I2i, 400. 

2 Blackett, Proc. Roy. Soc., 1925, A 107 , 349. 
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Symbol, N. Xlonnc, Wci^rht, l-^-OOS 

History.* Altiiou^di 1). Kullu'rlbrd is ^vuerally re.co^nised as having 
<ii.scov(‘r<‘d in 1772 that nitro^(‘n is a <‘onstituent ol* the air, yet it 
would staau that, a (Hailury hetbr(‘, Hooke and Mayow had shown that 
the atnuKsphen‘ eontains two gases, one ot whi(‘]i sii])})orts resi)ira- 
tion and eoinbnstion. Hut lu'ri’ord,** alter burning ‘earbon, sulphur, 
phospliorus, c‘te., in air to removal oxygen (de[)hl()gisticatcd air), treatccl 
the nanaining gas witii (‘austle alkali, and showed tliat the residual gas 
(phlogisU<*a4(*d air) was ineapal>h‘ of maintaining lile. The same result 
was obtaincai by similarly tnailing air which had been subjected to the 
rc‘spiration of animals. 

lh’i<\stk‘y (1772)* was the first to show (piantitatively that oue-hrthol’ 
tlu* air disapptainsl when (’hareoal was burnt in a, elostal V(‘ss(‘l, and tlu^ 
n'sidual gas was shaloai wit h milk of* lim<‘. A similar r(\sult was obtained 
by Lavoisier (177(>)‘' by tlu* combustion of phosphorus, ami it was 
Lavoisier wlu^ delinittiy ns'ognistal nitrog<‘n as a. simj)k‘ gas, whi<*h he 
{•alksl azi>tr identical! with l\u\/hul air alr<‘a.dy rta^ogniscal by Seluade ** 
as one of two gnscss of the* atmosphere. TIu' jirestMd; nanu^ of nitrogen 
was suggested by ('haptal in iH2G bcaamset th<‘ gas is a (tonstituent of 
nitre (Cireek itiiraa). 

Occurrence. In tin* tree stale nitrogen ocanirs in the atmosphere 
to the (vxtcait of about 7H pea* cent, by volume or 75-5 per cent, by 
weight A Fre«‘ nit rogen is also prescait in voh^anie gasc‘s, mcdxorites, 
ami cavities of plants. In (combination, nitrogen is largely distributed 
througlioui tlu* animal and v<‘g(‘table kingdoms in the Ibnu ot albu- 
minoids, proteins, and their d(‘gradation prodmds. In the mineral 
world large d(*posits of sodium and potassium nitral.(cs an^ (bund in 
('hili and India, and it is possibU* I lull, (‘ven these! sails are of orgaiLuj 
origin. 

Nitro||eii Cycle in Nature. In nature lhc‘r(‘ (‘xists a e.ontinuous 
eyelcc whtcndiy nitrogen is hrst '' lixial,’' and then subs(‘([U(‘nlly Iib(‘rated 
from (‘omhinniion with (dlun* t‘l<‘nu‘nts. This natural (‘yele ol* op(crations 
may In* eonvt*ni(*idly rc’presentc'd by tlie diagrain on p. 22. 

Thus it would npptmr tiuit ek‘nu‘ntal uitrog(‘U htH*omes lixed from 
the atmospfuan* in two ways. Firstly, dir(‘(!t (nmdnnalion of nitrogen 
and oxygen occurs l>y nu*ans of at inos}>Iu‘ri(* (*h*etrieity tvsuiting in the 

‘ Fnr Mh' hinUn'y «»f thr i-onipinm<lH of nitrogna, hihh luut'r t^aeli msiUori. 

“ S<'i* Ait' Hn, wii. 

Uatlanfoitl, Am- Mephitint, KUiuturgh, 1772. 

^ Sr<^ Airinhif ('iuh HrpriutH^ No, vii. 

^ II., IHI, 

® AirnAAt' (‘iiifi N(». viii. 

' Ft»r (h<* hi^ftiry liatl cuitiipoHitioa of lUr, wtu thin wrie^H, Vol. VII, Furt I. 
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production of oxides of nitrogen. These are dissolved and washed down 
by rain in the form of nitrous and nitric acids, which are converted into 
the corresponding salts by neutralisation with bases in the soil. Secondly, 
direct assimilation of free nitrogen takes place by leguminous plants 
(peas, beans, clover, etc.) with the help of bacteria. This method of 
nitrogen fixation is nature’s compensation for the loss of combined 
nitrogen in the soil — ^the leak, as it were, being due to denitrifying 
bacteria. Elementary nitrogen is fixed by a large variety of azo- 
bacteria, which work in either a symbiotic or non-symbiotic manner, the 
former being the chief method. It has been known for many centuries 
that legumes have a very beneficial effect in restoring the fertility of the 
soil, but it was not until 1886 that proof was forthcoming of the presence 
of definite bacteria in the nodules on the roots of leguminous plants.^ 
The isolation of B. radicicula followed, and its symbiotic relation to the 
plant itself was established by recognising that nitrogen was given to 



Leguminous plants with the aid of bacteria 


Nitrous and 
nitric acids 
(nitrites and nitrates) 


Vegetable life 


Organic nitrogenous sul 
stances (proteins, etc.) 
in plants and animals 


Denitrifying bacteria- 



Animal and vegetable de 
assisted by micro-organis 


Anamonia 


the plant in return lor carbohydrates and mineral salts from the plant 
to the bacterium. Non-symbiotic fixation means that bacteria work 
independently and not in association with other bacteria or higher 
plants. The bacteria are either of the anaerobic or aerobic type, and 
it has been, generally considered that, although the anaerobic arc more 
common and important, yet azotobacter and other aerobic nitrogen 
fixers have an important function. It has been recently suggested that 
the use of aerobic bacteria is overestimated, as the anaerobic type are 
capable of fixing twice the amount of nitrogen under similar conditions. ^ 
Most plants (excepting legumes) require the nitrogen to be in some 
form of combination— most generally as nitrates. Broadly speaking, it 
is possible to trace two ways in which nitrogen is brought into a suit- 
able condition for assimilation. In the first place, the death and decay 
of vegetable matter causes the complex nitrogenous substances (albu- 
mens, proteins) which have been produced during plant life to yield 
ultimately simple substances such as ammonia, nitrites, and nitrates. 
Secondly, the assimilation of vegetable products by animals results in 
their decomposition by metabolic processes, which produce urea, uric 
acid, and other faecal products. These are further broken down into 
simpler derivatives (ammonia, nitrates), which are now available again 
for plant assimilation, and the cycle starts afresh. As practically all 
the chemical changes are brought about directly by micro-organisms, a 


1 Hellriegel and Wilfarth, Anrudes Agronomiques pviiliees sous les auspices du Minislere 
de V Agriculture et du Commerce, Paris, 1888, 5. 

2 Truffaut and Bezssonoff, Compt rend,, 1925, i8i, 165. 
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very brief account of these natural processes of ammonification and 
nitrification will be given: 

Ammonification is the production of ammonia from proteins and 
their cleavage products by means of micro-organisms. Both fungi and 
bacteria cause extensive decomposition of albumens and proteins, first 
producing albumoses and peptones, then amino-acids, which are readily 
converted into ammonia. Amongst soil bacteria, one of the commonest 
is B. mycoides, which is very efficient in producing ammonia from 
organic nitrogenous materials. Energy relations are an important 
factor in the rapidity of decomposition of proteins. Thus both carbo- 
hydrates and proteins are utilised as sources of energy. The presence 
of much carbohydrate material will result in a relatively small amount 
of decomposition of proteins— just sufficient to provide the necessary 
nitrogen. In the absence of carbohydrates, proteins are quickly broken 
down in order to obtain a supply of carbon primarily, and the excess 
of nitrogen is converted into ammonia. 

With reference to the products of animal metabolism, of which urea 
is typical, mention should be made of the enzyme urease which converts 
urea by hydrolysis into ammonium carbonate, 

C0(NH2)2+2H20=(NH,)2C03. 

Nitrification is the production of nitrates, either from ammonia or 
nitrites, by processes of oxidation. The experiments of Schloesing and 
Mtintz^ in 1877 showed that ammonia was oxidised to nitrate by 
passing through a long tube filled with soil. No oxidation occurred if 
the soil was first sterilised, which showed that the chemical change was 
brought about by micro-organisms. Winogradski ^ in 1890 identified and 
isolated specific bacteria which produced this nitrification, and showed 
that the oxidation proceeded in two stages, each of which was brought 
about by different species. Thus the first oxidation of ammonia to nitrite 
was the work of nitrous bacteria : 

(1) 2NH3-f302=2HN02+2H20 ; 

while the second stage, resulting in the formation of nitrate, was caused 
by nitric bacteria (nitro-bacter) : 

(2) 2HN02+02==2HN03. 

It would seem that nitrification depends upon a large number of 
factors, such as supply of oxygen, water, basic materials, mineral 
matter, etc. The importance of the amount and distribution of basic 
materials is due to the neutralisation of organic and mineral acids pro- 
duced by bacteria, as, generally speaking, favourable conditions for both 
ammonifying and nitrifying organisms are only maintained if the soil 
is neutral or very slightly acid. 

It has been mentioned that a certain loss of combined nitrogen in 
the soil occurs due to denitrifying organisms. Denitrification is the 
conversion of nitrates into nitrogen or oxides of nitrogen, and the 
bacteria bringing about these changes are chiefly of the aerobic type. 

1 Scliloesing and Miintz, Oompt. retid., 1877, 84 , 301 ; 85 , 1018 ; 1878, 86 , 892 ; 1879, 
89 , 891, 1074. 

2 Winogradski, Annales Agronomiques publiees sous les auspices du Ministera de 
V Agriculture et du Commerce, Paris, 1890, 16 , 273 ; Compt. rend., 1891, 113 , 89. 
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Hence insufficient aeration of the soil will force these organisips to obtain 
their necessary oxygen from nitrates, with the resultant loss of nitrogen. 
Various kinds of bacteria are able to bring about the changes represented 
by the following equations : — 

2HN03=2HN02+02, 

HN03=NH3+202, 

4HN02=2H20+2N2+02. 

The mutual reaction of nitrites and ammonia or amino-derivatives will 
also occur : 

NH4C1+KN02=N2+KC1+2H20 ; 

and van Iterson ^ has suggested that certain bacteria are cajDable of 
causing the oxidation of carbon compounds : 

5C+4KN03+2H2O-4KHCO3+2N2+CO2, 

3 C+ 4 KNO 3 + H 20 = 2 KHC 03 + 2 N 2 +K 2 C 03 . 

The prevention of denitrification is of paramount importance in 
market gardens and greenhouses, but ajDpears to be of little account in 
field cultivation. 

There are certain micro-organisms which are capable of reversing 
the ammonifying and nitrifying processes in order to utilise available 
nitrogen compounds for synthesising complex protein substances, which 
result in the withdrawal of nitrogen compounds for plant uses.^ 


PHEPAEATION OF NiTEOGEN. 

As nitrogen is present in such large quantity in the atmosphere 
(more than 4000 billion tons), it is not surprising to find that at the 
present day a large proportion of the nitrogen used in manufactures 
is produced by the fractional evaporation of liquid air. A number of 
other methods have been utilised for obtaining nitrogen from air, and 
it will be obvious that these methods will all produce ‘‘ atmospheric 
nitrogen,” different from pure nitrogen in that it contains small amounts 
of argon and the other inert gases. Thus there are two main sources of 
nitrogen : 

1. The atmosphere. 

2. Chemical compounds. 

. ^ 1. The methods for obtaining nitrogen from the atmosphere may be 
physical or chemical. 

(a) Physical Processes ; 

(1) Liquefaction. — ^The first liquefaction of air by Linde in 1889 
was followed by other processes by Hampson, Pictet, and Claude. In 
England a combination of these systems is used by which nitrogen of 
99*5 per cent, purity is obtained.^ 

(2) Absorption in Charcoal . — The greater absorption of oxygen by 


^ van Iterson, Proc. K. Akad. Wetenuch. Anisterdaon, 1003, 5 , 085. 

^ For a detailed account of the organisms in the soil, sec Marshall, Microbiology 
(Churchill). 

^ For the liquefaction of air and the separation of nitrogen from oxygen, sec this series, 
Vol, Vn., Part I. 
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coconut charcoal at low temperatures allows of a partial separation of 
nitrogen.^ 

(3) Transfusion . — Different rates of diffusion of oxygen and nitrogen 
through caoutchouc gives a rough separation of these gases.^ 

(h) Chemical Processes : 

The absorption of oxygen by chemical means offers a large variety 
of methods for preparing nitrogen. 

(1) Alkaline Pyrogallol . — Air shaken with excess of alkaline pyro- 
gallol has its oxygen rapidly and completely absorbed, and this experi- 
ment may be used to demonstrate the composition of air by volume. 

(2) Phosphorus . — The formation of phosphorus oxides by passing 
air over smouldering or burning phosphorus results in a complete re- 
moval of oxygen. Lavoisier made use of this reaction to prove that 
nitrogen is a separate entity. 

(3) Copper . — The absorption of atmospheric oxygen by passing air 
over heated copper, either as turnings^ or finely divided metal, ^ can be 
utilised for the isolation of nitrogen. Water- vapour and carbon dioxide 
are previously removed by means of concentrated sulphuric acid and 
caustic potash. A number of methods have been devised for the 
absorption of oxygen at ordinary temperatures by using copper in 
conjunction with a mixture of air and ammonia. Lupton^ proposed 
using ammonia gas, while Berthelot ® used aqueous ammonia. A 
modification of this latter method consists in passing a mixture of air 
and “ammonia liquid” in equal volumes over copper chips. The so- 
called ammonia liquid is a saturated ammonium-carbonate solution 
mixed with an equal volume of aqueous ammonia of sp. gr. 0*93. The 
air-liquid mixture is completely deoxygenated after passing over the 
copper chips, and the residual nitrogen is freed from excess of ammonia 
by dilute sulphuric acid and then dried.’ 

(4) Other Processes. — Reference should also be made to some of the 
numerous other methods which have been projDOsed for the preparation 
of nitrogen by absorption of oxygen from air. 

(i) Reduced iron.® 

(ii) Platinum sponge® (air mixed with hydrogen). 

(iii) Sulphur burnt in a special furnace.^® 

(iv) Carbonaceous matter, such as coal or petroleum. 

(v) Fused alkali cyanides. 

(vi) Mixture of alkali plumbate and manganate (alternate air and 

steam). 

(vii) Coke-oven gases. 

As air is usually a constituent of the gases derived 
from combustion, coke-oven distillation, etc., a number of 

^ See Vol. VII., Part I. ^ Por references, see this series, Vol. VII., Part I. 

2 Pumas and Bousingault, Cornet, rend., 1841, 12 , 1005. 

^ Cyanide Gesellschaft, Gerynan Patent, 218671 (1908). 

^ Lupton, Ghem. News, 1876, 33 , 90. 

® Berthelot, Bull. 80 c. chim., 1870, [ii], 13 , 314. 

Brunt, J. Ani^r. Chem. 80 c., 1914, 36 , 1448. 

^ Spencer, English Patent, 3752 (1869). ® DumouLLn, Jahresber, 1851, 32. 

Blagburn, English Patent, 25535- (1908) ; U. 8 . Patent, 993017 (1911). 

Harford, French Patent, 394557 (1908). 

Heya, English Patent, 24413 (1910). 

Ivasancr, German Patent, 233383 (1910) ; Arch. Pharm., 1913, 25 , 596 ; also this 
series, Vol. VII., Part I. 
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patents have been taken out for the preparation of nitrogen 
from these gases. A mixture of copper and copper oxide is 
generally used, the former to remove oxygen, and the latter 
to convert any carbon monoxide into carbon dioxide, and 
also to remove any traces of hydrogen.^ Some of the pro- 
cesses involve the addition of small quantities of reducing 
gases to prevent complete oxidation of the copper, and thus 
save the extra cost of subsequent reduction of copper oxide. 
The nitrogen is freed from carbon dioxide by absorption of the 
latter in caustic soda. 

(viii) Hydrogen. 

The burning of electrolytic hydrogen is the principle of 
the Casale process ^ for removing atmospheric oxygen, and 
the nitrogen, after purification, is used for the manufacture of 
synthetic ammonia. 

2. Chemical Compounds : 

Ammonium nitrite, NH4NO2, readily decomposes into nitrogen and 
water when its solution is gently heated : 

NH4N02=N2+2H20. 

Actually, in practice, it is found more convenient to warm a solution 
of sodium nitrite with one of ammonium chloride or sulphate, when 
the ammonium nitrite, formed by double decomposition, decomposes 
as above. Overheating should be avoided, otherwise turbulent ebulli- 
tion occurs. Equal parts of sodium nitrite and ammonium sulphate 
dissolved in 5 parts of water and heated will give a stream of nitrogen 
which can be purified by passing through a dilute solution of sulphuric 
acid (to absorb ammonia) and then over heated copper (to remove 
oxides of nitrogen and oxygen). Purification can also be. effected by 
passing the gas through a saturated solution of potassium bichromate 
(5 vols.) and concentrated sulphuric acid (1 vol.).^ 

The decomposition by heat of ammonium bichromate is a convenient 
method for obtaining nitrogen, 

(NH4)2Cr20,=Cr203+N2+4H20. 

As this reaction may be rather violent, a modification is adopted by 
heating a mixture of potassium bichromate and ammonium chloride 
in a retort, when the ammonium bichromate is formed by double 
decomposition. 

Alternatively, a concentrated solution of sodium nitrite is run slowly 
into a mixture of a solution saturated both with ammonium chloride and 
potassium dichromate. This solution is heated, and the gas evolved is 
washed (a) with dilute sulphuric acid, (b) with ferrous sulphate solution, 
and is then passed over (c) heated copper. The gas is dried by phos- 
phorus pentoxide and then passed through a spiral cooled by liquid 
air. It is then frozen by liquid oxygen under reduced pressure and the 
solid nitrogen allowed to melt. The first fractions boiling from this 
are pure nitrogen, and this portion was used in the determination of 
physical constants by Onnes and v. Urk (see p. 31 ). 

1 Elwortliy, English Patent, 10581 (1906) ; Candia and Merlini, Foxnch Patent, 387784 

(1908). ‘ 

2 See p. 213. ® Knorre, Chem. Ind., 1902, 25 , 531. 



NITROGEN. 27 

Decomposition of ammonium nitrate occurs when it is heated with 
glycerol, giving an almost quantitative yield of nitrogen. It would 
seem that nitrous oxide (from the ammonium nitrate) is completely 
Th the glycerol, the latter being converted into glyceric acid. 

2NH4N03+C3H803=2N2+C3He04+5H20. 

In the laboratory 10 grams of ammonium nitrate are dissolved in 
20 grams of glycerol, to which 3 drops of concentrated sulphuric acid 
have been added. Nitrogen begins to come off at 100° C., and at 165° C. 
a steady stream is obtained. It is not advisable to raise the temperature 
above 170° C. Traces of carbon dioxide are removed by passing through 
alkali, and moisture and minute amounts of pyridine bases by concen- 
trated sulphuric acid.^ 

Pure nitrogen may be obtained by the action of chlorine gas upon 
ammonia : 

8NH3+3Cl2=6NH4Cl+N2. 

A concentrated ammonia solution (sp. gr. 0-88) is placed in a triple- 
necked Woulfe’s bottle and chlorine is led in from a separate generator. 
An open glass tube passes down into the liquid through the centre neck, 
and a delivery tube from the third tubulure carries off the nitrogen 
which may be collected over water. Ammonia must always be kept 
in excess in order to prevent the formation of explosive nitrogen tri- 
chloride, NCI3. 

A convenient laboratory method for preparing nitrogen consists in 
the decomposition of concentrated ammonia solution with a thin paste 
of bleaching powder, which latter is added slowly. On warming the 
mixture a copious supply of nitrogen is obtained, in accordance with 
the equation 

3Ca(0Cl)27f4NH3=3CaCl2+2N2+6H20. 

Hypobromites (bromine and caustic soda) may be used similarly to 
decompos(5 ammonia : ^ 

3Na0Br+2NH3=3NaBr+N2+3H20. 

Plypobromites and urea (or other acid amides) react to give a mixture 
of nitrogen and carbon dioxide : 

3Na0Br+C0(NH2)2=3NaBr+N2+C02+2H20. 

This quantitative reaction is used as a standard method for the estima- 
tion of urea. 

Pure nitrogen is obtained when a mixture of nitric oxide (or nitrous 
oxide) and ammonia is passed over heated copper gauze or platinised 
asbestos.^ The nitric oxide (from nitric acid and copper turnings) is 
passed through strong ammonia solution, and the mixed gases led through 
a heated combustion tube containing either rolls of copper gauze or 
platinised asbestos. Purification is effected by passing the gas succes- 
sively through dilute sulphuric acid, fused caustic potash, concentrated 
sulphuric acid, and finally red-hot copper gauze. 

^ Mai, Ber,, 1901, 34, 3805. 

^ Baly and Bonnan, Trans. Chem. Soc., 1902, 81, 908. 

^ Baxter and Hickly, J. Amer. Chem. Soc.^ 1905, 33, 300. 
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THE PHYSICAL PROPERTIES OF NITROGEN. 

General. — Nitrogen is a colourless, odourless, and tasteless gas 
which is non-poisonous, but does not support life. It neither burns in 
the ordinary way nor supports the combustion of carbon compounds. 
It is not inert, however, like argon, and when once in a state of chemical 
combination is extremely active. 

Density. — Prior to 1898 the determinations of the weight of 1 litre of 
the gas under standard conditions gave values varying between 0*9713 
and 0*9729, when the weight of 1 litre of air was taken as unity. These 
values, however, referred to atmospheric nitrogen, which of course 
contained the inert gases of Group O, and Rayleigh’s ^ later deter- 
minations resulted in the value 0*97209 (air=l). For nitrogen 
obtained by chemical processes Rayleigh found the value of 
0*96737, the weight of 1 litre being 1*25092 grams at N.T.P., while 
the corresponding results of Leduc^ are 0*9671 (air— 1) and 1*2507 
gram respectively. 

More recently. Moles, ^ as the weighted mean of a large number of 
determinations, calculates the weight of 1 litre of nitrogen at N.T.P. 
(latitude 45°) as 1*2507 ±0*0001 gram. 

With reference to oxygen ( =16*000), the density of nitrogen is 14*008, 
and to water at 4° C. the density is 0*0012507. 

Compressibility. — The deviation of nitrogen from Boyle’s law at 
various temperatures is seen from the subjoined table. Under rela- 
tively low pressures the molecular-attraction effect causes the gas to 
be more compressible, with the result that the product pv decreases in 
value. As is the case with most other gases, however, the molecular- 
volume effect soon shows its influence, and the value of pv increases 
with the pressure ; the gas is less compressible on account of the fact 
that the molecules now occupy an appreciable fraction of the total 
volume (see table, p. 29). 

The graphical relationship between p and pv shows how, at 0° C., 
the latter diminishes at first with rise of pressure, and, after reaching 
a minimum, increases again throughout with rise of pressure. As is 
usual, the isotherms at higher temperatures show a progressive shift 
of the minimum towards the region of lower pressures, and finally the 
minimum disappears (see fig. 6). 

The limiting value of pv for nitrogen at zero pressure and 0° C., and 
the molecular weight from the ideal densities under these conditions, 
may be calculated as follows : — 

The value of pv for nitrogen increases with decrease of pressure 
from 1 atmosphere to zero, which also occurs with most other gases, 
with the exception of hydrogen. 

The coefficient a=— • = — 0*00056 for nitrogen. 

pv dp 

The corresponding value for oxygen is —0*00094, and by using 
Rayleigh’s values ^ for the densities under normal conditions, the molec- 

1 Rayleigh, Proc. Eoy. Soc., 1898, 62, 209. 

- Le(iiic, rend., 1898, 126, 413. 

3 MoIch, J. Chim. Phys., 1922, 19, 283; 1924, 21, 10. Sec also llio results of physical 
determinations of atomic weights, p. 57. 

^ Rayleigh, Phil. Trans., 1905, 204, 351. 
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ular weight of nitrogen is given by 32 x x - =28-016 

, 6 s j’ 1-10585 1-000094 ’ 

where 32 =molecular weight of oxygen. 

The corresponding value calculated by D. Berthelot ^ from the results 
oi Leduc and Sacerdote ^ is 28*013. 

RELATION BETWEEN PRESSURE AND VOLUME 
OF NITROGEN. 


(Amagat, 1893.) ^ 


Pressure in Atm. 

pv at 0° C. 

pv at 16 03° C. 

pv at 99-45° C. 

pv at 199-5° C. 

1 

1-0000 




100 

0-9910 

1-0620 



200 

1-0390 

1-1145 

1-4890 

1-9065 

300 

1-1360 

1-2105 

1-5905 

2-0145 

400 

1-2570 

1-3290 

1-7060 

2-1325 

500 

1-3900 

1-4590 

1-8275 

2-2570 

600 

1-5260 

1-5945 

1-9545 

2*3840 

700 

1-6615 

1-7290 

2-0865 

2-5125 

800 

1-7980 

1-8655 

2-2200 

2-6400 

900 

1-9340 

2-0015 

2-3540 

2-7715 

1000 

2-0685 

2-1360 4 



1500 

2-7202 




2000 

3-3270 

3-3980 ^ 

1 


2500 

3-9200 




3000 

4-4970 

i 4-5675 ^ 




Variations of jpv and jp with Temperature. — The variations of pv 

with jp at one temperature and the variations of the function ^ at 

different temperatures have been investigated recently in the Leiden 
Laboratory and critically compared with the results of other workers.^ 
The results are best expressed in terms of a power series in which 
are multiplied by coefficients A, B, etc., derived from the 
experimental results. Graphically the pv values may be plotted against 
the densities. If the unit of volume is that at 0° C. under 1 atmosphere, 
and {pv)q the value of their product under these normal conditions, the 
deviations with change of volume are as follows : — 

At ^=0° C.— 

{'pv) = {pv) 0 =1 *0041 

Onnes and v. Urk.® 


0-40996 X 10-3 2-06556 X lO-®^ 

\ V )’ 


(pi; ) = (pt) ) 0 = 1 ■ 004 1 


0-43386 X 10-3 

V 


22646432 < 102 ^\ 

)' 

Holborn-Otto.® 


1 Berthelot, Coinpt. rend., 1898, 126, 954. 

^ Leduc and Sacerdote, ibid., 1897, 125, 297. 

^ Amagat, Ann. Chim. Phys., 1893, [vi], 29, 68. 

^ Onnes and v. Urk, Comm. Phys. Lab. Leiden, No. 169. 
® Holborn-Otto, Zeitsch. Physik, 1922, 10, 367. 


^ At 16-0° C. 
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At 1=20° C.— 

(2?a)=(p»)o=l'Or370(^l 

(^)d)=(^o)o=1-07367(^1 


0-26250 X10-® , 2-5000X10- 


V 




Omies and v. Urk.^ 

0-27078 X 10-3 2-89454 X 10-«\ 

V + / 

Holborn-Otto.^ 



In the following table the values of 'pv are expressed in terms of 
(^z;)o=l, and the densities ‘‘d” in terms of the weight of a normal 


^ Onnes and v. Urk, Zoc. cii. 


“ Holborn-Otto, he. cit. 
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litre are given at the lowest pressures investigated at each temperature. 
For the full results the original memoir must be consulted.^ 


T. 

(° Abs.). 

P 

(Atm.). 

d. 

pv. 

^(T=J+273-09). 

293*09 

35*84 

33*56 

1*0680 

0-003644 

273*09 

33*14 

33*52 

0-9886 

0*003620 

250-47 

33*14 

37*13 

0*8925 

0-003578 

222-83 

31-98 

40*83 

0*7833 

0-003515 

191-99 

30-17 

46*31 

0-6516 

0-003394 

170-84 

28*54 

51*185 

0*5575 

0-003263 

151*90 

26*63 

56*95 

0*4675 

0-003077 

141*72 

25-29 

60*675 

0*4168 

0-002933 

131*46 

23-79 

65*76 

0*3618 

0*002750 

128*63 

23-20 

67*15 

0*3455 

0*002685 

126*77 

22-92 

68*62 

0*3340 

0-002634 

124*51 

27*93 

106*06 

0*2638 

0*002118 


The next table gives the change of pv with temperature at a single 
density of 69 (see table above) between the temperature range of 126*77° 
and 293-09° C. 


T. (° Abs.). 

pv. 


126*77 

0-3335 

23-01 

128-63 

0-3427 

23-65 

131-46 

0-3566 

24-61 

141*72 

0-4046 

27-92 

151-90 

0*4508 

31*10 

170-84 

0*5368 

37-04 

191*99 

0-6303 

43-49 

222-83 

0-7644 

52-74 

250*47 

0-8804 

60-75 

273-09 

0*9816 

67-73 

293-09 

1-0670 

73-62 

1 


Between T=81° and 85° abs., and ^=160 and 1326 mm., the pv 
values are given by the equation ^ 

pv =0-27774T - (0-03202 -0-000253T )p. 

The coefficient of expansion at constant pressure a^, and the co- 
efficient of tension at constant volume a^,, have been determined by a 
number of investigators under different pressures between 0° and 100° C. 
The coefficient at constant volume is numerically the same as the 
coefficient of tension. These two values t nd to a common limit for a 

^ Omies and v. Urk, he. cit. 

^ Bestelmeyer and Valentiner, Drude's Annalen, 1904, 15 , 60. 
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perfect gas when the pressure decreases indefinitely, but Regnault showed 
that equality of the eoeilieients only occurs at very low pressures. 

The following table gives some typical values for these coefficients 
between 0° and 100° C. 

THERMAL EXPANSION OF GASEOUS NITROGEN. 


Coefficients of Expansion. 

Pressure 
at 0° C. in 
cms. of Hg. 

a„ at 
O'-'-lOO” C. 

Author. 

138-70 

100-20 

0-0036777 \ 
0-0036731 J 

Chappuis, he. 
cit. 

79-20 

41-5 

0-0036701 \ 
0-0036658 / 

Eumorfopoulos. 

110-60 

51-10 

22-0 

0-0036742 \ 
0-0036679 [ 
0-0036630 J 

Henning and 
Heuse, he. cit. 


Pressure 
at 0° C. ill 
cins. of Hg. 


Coefficients of Tension. 


100-20 


79-35 

53-30 

52-00 

39-20 

98-50 

74-40 

55-00 

31-40 

110-50 

51-10 

22-00 

65-40 


a^^at 
0''‘-100'^’ V. 


0-003()744 


0-00307181 
0-0030085 I 
0-0030081 ( 
0-0036077] 
0-0036730'\ 
0-0036700 I 
0-0030680 f 
0-0036650 j 
0-00367521 
0-0036675 [ 
0-0036626 ( 
0-0036696] 


Author. 


Chappuis, Trav. 
H Mem. du 
Bureau iyitern. 
de.8 Poids et 
Mes., 1903 , 13 , 
190 . 

Chappuis and 
Ifarkiu-, ibid., 
1902 , 12 , 05 . 

Day and Cle- 
ment, Amer. J. 
Bci, 1908 , 26 , 
405. 

Henning and 
Heuse, Zeitsch. 
phi/8ikal. 0?iem., 
1921 , 5 , 285 . 


The coefficient of expansion under limiting conditions of low 
density and large volume is derived from the actual coefficient under 
ordinary conditions, combined with a knowledge of the deviation of 
the actual pv from the absolute (pz;)a under the limiting conditions 
(see pp. 28 and 58, and this series, VoL I.). Thus, if ax is this absolute 
coefficient, it dclhu's the absolute temperature as given by the nitrogen 

thermometer, (since Tir = --\ and the value of as given by the 
\ a,\ / 

equation 

('Pv)a at 100"^ — (P^)a at 0° 

[(jpt;)A at 0°]X100 

The values of a.v derived from the coefficients of tension, (sec 
table above), are foiiiul to vary between 0-0036598 and 0-0036628, 
while those; derived from th(‘ coefficients of expansion, a^, vary between 
()*()036605 and ()*003()62l.^ 

Specific Heats. The mean specific heats of pure nitrogen at con- 

stant pressure (1 atm.) have been determined at various temperatures 
given in the following table. 


1 OnucH and v. Hrk, (knmu. Pht/H. Lab. Leiden, No. 169. 

Holboru and AuBtin, BilzumjHbcr. K. Akad. Wiss. Berlin, 1905, j). 175; Holborn and 
Henning, Ann. Phydk, 1905, 18, 739 ; ibid., 1907, 23, 809. 
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C3,=specific heat at constant pressure. 

Cj, = molecular heat at constant pressure, i,e. 


SPECIFIC AND MOLAR HEATS OF GASEOUS 
NITROGEN AT CONSTANT PRESSURE. 


a 


C3) (Molar). 

0 

0-2491 

6-98 

100 

0-2501 

. 7-01 

200 

0-2510 

7-03 

300 

0-2520 

7-06 

400 

0-2529 

7-09 

500 

. 0-2539 

7-11 

600 

0-2548 

7-14 

700 

0-2558 

7-17 

800 

0-2567 

7-19 

900 

0-2577 

7-22 

1000 

0-2586 

7-25 

1100 

0-2596 

7-27 

1200 

0-2605 

7-30 

1300 

0-2615 

7-33 

1400 

0-2624 

7-35 


The value of is given by the equation 

=0-2491 +00000095^ 


In the next table are given the molecular specific heats at constant 

Q 

volume and the ratio ^ 


MOLAR HEATS OF GASEOUS NITROGEN AT CONSTANT 
VOLUME, AND RATIO OF THE SPECIFIC HEATS. 


t ° C. 

C-jj. 

Op 

0 

4-890 

1-408 

100 

4-926 

1-404 

200 

4-968 

1-400 

300 

5-014 

1-396 

400 

5-066 

1-392 

500 

5-104 

1-389 

600 

5-143 

1-386 

700 

5-184 

1-383 

800 

5-238 

1-379 

900 

5-280 

1-376 

1000 

5-308 

1-374 


1 Dixon, Campbell, and Parker, Proc. Roy. Soc., 1921, Aioo, 1. 
VOL. VI. : I. 


3 
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The thermal conductivity of the gas at 0° C. is 0-00005660,1 at 55° C. 
is 0-0000569,2 and at 100° C. is 0-0000718.® 

Viscosity.— The \-iseosity, i], of nitrogen is lower than that of 
oxygen, and therefore lower than that of air. The variations of vis- 
cosity with temperature in the case of nitrogen and air can be calculated 
from the formula of Sutherland ; 

C 

^+2^ / T 

r)T-~rio ^ 2 ^ 3 ? 

1 +^ 

in which C=110 for nitrogen and 114 for air. 

According to C. J. Smith,^ the viscosity of air as experimentally 
determined at 15° C. is 1*799 x 10■^ while the values for nitrogen are : 



o°c. 

15° C. 

100 ° c. 

TjXlO* 

1*665 

1*737 

2*118 


The interpolated value at 23° C. is 1*773X10”^, while the experi- 
mental value obtained by Yen ® is 1*7665 X 10“^. 

Refractivity. — The refractive index of nitrogen for sodium light 
is, according to Mascart, 1*0002973,® and according to Ramsay and 
Travers, 1*0002971.'^ These values refer to standard density. The 
constants in Cauchy’s formula, 

"-i=a(i+|), 

are A =29*06 and B=7*7, where n and A represent the refractive index 
and wave-length respectively.® 

Spectra. — The emission spectrum of nitrogen has been the subject 
of much investigation. Both the kathode and anode spectra (Geissler 
tube) consist of characteristic channels. Deslandres ® identified three 
groups of lines and bands which were sharply distinguished under strong 
dispersion. The first group was in the visible spectrum (A7000-~5000), 
the second group partly in the visible and partly in the ultra-violet 
(A5000 — 2800), and the third group wholly in the ultra-violet 
(A2800 — 2000). Deslandres attributed the third group to an oxide 
of nitrogen, as this group disappeared if every trace of oxygen was re- 
moved by sodium. The second group was the most intense, and the 
bands at A3579 and A3372 were considered characteristic of nitrogen. 

1 Eucken, Phyaikal Zeitsch., 1913, 14, 324; Weber, Ann. Phijsik, 1917, [4], 54, 437." 

2 Todd, Proc. Boy. Soc., 1910, A83, 19. 

® Eucken, Phyailcal. Zeitsch.^ 1911, 12, 1101. 

4 C. J. Smith, Proc. Phys. Soc., 1922, 34, 162; Rankine and Smith, Phil Mag., 1921, 
[6], 42, 611. 

5 Yen, ihU., 1919, 38, 593. 

® Mascart, Gompt. rend., 1878, 86, 321, 1182. 

’ Ramsay and Travers, Zeitsch. physikal Ghem., 1898, 25, 100. 

® More recent values are : — 

At A =6563 5461 4861 1-U 

(rt-l) 10® =298-16 299-77 301-21 

C. and M. Cuthbertson, Proc. Roy. Soc., 1909, 83 [A] 152 

• Deslandres, Compf. rend., 1886, loi, 1256 ; ibid.', 1886, 103, 375 ; Ohem. News, 1886, 
54. 109. 
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According to Trowbridge and UiehardsA the ehiuuu^lled spcctniru 
|)roduc‘ed by a powta'ful <*ontinuoiis discharge is (‘hanged to the bright 
lin(‘ s|)(‘(‘tnun by the introdiudion of a eoiidcaist'r. Fowler and Strutt ^ 
found that th(‘ line* nun was eliaraetc*rised by a. bright gnaai lin(‘ 
at A51 (Ms which is tbllciwed by gnaai bands towards ttu‘ inon^ refrangible 
parts (d' the sptadrnnL 'Hu'sc' two bunds are b(‘tw(‘(‘n t -Ald99 and 
AMuSt AU70. 

Solubility. TIu‘r(‘ are thr<‘(‘ ways of expn^ssing the ndationship of 
solubility by volunu‘ iH‘twt‘(‘n gast‘s and licpiids, 

(1) Aksvrption eoejfieient j8 (Buns(‘n) is the vohune of gas, reduced 
to N.T.P.. which is absorb(‘d t)y unit vohune of li<piid, wdieti the pressure 
of the gas is 7(K) nun. witiunit the v'apour tension of the li(|uid. 

(2) Sotuhiliiif is th(‘ vohune of gas, red\i(‘ed to N.T.P., which is 
al)sorb(‘d by unit vo!uin<‘ of Ii(|nid, when th(‘ total pressun^ is 7(>() nun. 
(i.t\ inrlnding tlu‘ vapour t(*nsion of the li<juid). 




7(K) / 
7(H) ' 


wlu‘rt‘ /' vapour ti'usion of litpiid at the tenip(‘rature of the (‘xp(‘rinu‘nt. 

(3) Soluhiiiti/ I (Ostwald) is th(‘ voluni(‘ of gas dissolv(‘d by 

unit vo!unu‘ (»f litpiid at lh<‘ teinpi‘rHlur(‘ and prt‘ssur(‘ of the (‘xp(‘rirnent. 
It is not reduced to N/lMb Heiua*, if tlu* nu‘asurenu*nls are mad(‘ at 
at nu»spht‘rie prt'ssun*, 

/ /J(l 1 0‘00JH)7/). 

The following taI>U‘ gives tlu* stdubility of nitrogen in watc‘r in lc‘rnis 
of tlu‘ absorption (HH‘iru‘ient fi: 


SOLUBILITY OF NITROGEN IN WATER. 



AtinoHpht'de Nilrogon. 

Argniefn^c^ Nitrogen. 

3Vni|>. 

Winkb'r.‘‘ 

F<»x.^ 

Winkk-r.^ 

Fox, 

0 

0-02054 

0-02050 

0*02012 

0-02010 

10 

0-0lH(ll 

0-01805 

0-01820 

0-0 1800 

20 

0-01545 

0-01508 

0-01518 

0*01572 

30 

0-01042 

0-01008 

O-OlOlO 

0-01075 

to 

0-01184 

0-01252 

0-01104 

0-01200 

50 

0-0 1088 

0-0 U 00 

O-OIOTI 

0-0 11 00 


^ Trowbriiige inul Riehardrt, J, Amrr. ('hvm. I HO?, [ t j, 3 , 117 ; Phil. Mag., IB97, 
43. VM. 

® lAiwbr futfl Htrntt, PrtH*, Sm\, IIUI, A8S, 371. filMo PHbtker and HitUnf, 
Phil. Tram,, IHUa, 155 , I ; Hfhuater, Prm. Hog. Hov,, 1872, 20 , 485; Ang 8 tront aiul 
'fimH^n, Nom Adu Sor. U'fhmk, 1875, (3J. 9; HaaMellnTg, Mvai. Amd. Si Prirmhury, IHHfi, 
[7 1, 32 , No. Ifi ; Pomid, rrml,, 1835, t2l, 198; Sun<!<'ll. Phil. Mag., 1887, [5), 24 » 

98; Nitmni and Andrrlini, Atti H, »4mid. Linrti, (rd» 59 9(1; Briihl, Zvitmm. 

phtfHikuL (^hrm.., mm, 16 , 193, 225 ; Hrr., 1893, a 6 . 80(1, 2508; ilnd., 1895, 28 , 2388, 2393. 
* a Winkler, Prr., 1H91, 24 , 3(102. 

* K«>x, Tram. Pamdag 1909, 5 , (18, 

® Winkler’H vnineii for iitinoH|>herie nitn»geii oaleuliiOHl by Fox, km. cU. 
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The formula deduced by Fox ^ for the solubility of pure nitrogen is 

1000j8==22*998—0-5298^+0*009196^2— 0-00006779/3, 

which is obtained by allowing for 1-185 per cent, argon. 

The Rate of Solution of Nitrogen in Water . — Adeney ^ and his col- 
laborators have investigated the rates of absorption of nitrogen, oxygen, 
and air by water under gentle agitation. Some account of this work 
is given in Vol. VII., p. 37. The results are summarised by the formula 

Z€;=(100— ^ 

where Z£)=initial percentage saturation capacity for nitrogen. 
«; 3 ^=amount dissolved after a given time 9. 

^=Napierian logarithnaic base. 

/=0-0103 (T— 240). 

A = area of water exposed to the gas. 

V == volume of water. 

As in the case of oxygen, the solubility of nitrogen in sea- water 
decreases with increasing chlorine content. The calculated formula 
expressing these results is : 

1000 j3"=18-639-0-4304/+0-007453/2— 0-0000549/3 

— Cl(0-2172— 0-007187/+0-0000952/2), 

the chlorine being expressed as grams per litre. 


SOLUBILITY OF NITROGEN CONTAINING ARGON IN 
SEA-WATER FROM A FREE, DRY ATMOSPHERE AT 
760 mm. 

(Fox, 1909.) 1 


Parts of 
Chlorine 
per 1000. 

Temperature, ° C. 

0 

4 

8 

12 

16 

20 

0 

18-64 

17-02 

15-63 

14-45 

13-45 

12-59 

4 

17-74 

16-27 

14-98 

13-88 

12-94 

12-15 

8 

16-90 

15-51 

14-32 

13-30 

12-44 

11-70 

12 

16-03 

14-75 

13-66 

12-72 

11-93 

11-25 

16 

15-18 

14-00 

13-00 

12-15 

11-73 

10-81 

20 

14-31 

13-27 

12-34 

11-57 

10-92 

10-36 


1 Fox, Trans. Faraday Soc., 1909, 5, 68. 

2 Adeney and Becker, Sci. Proc. Moy. Dubl. Soc., 1918, 15, No. 31 ; 1919, 15, No. 44 ; 
Adeney, Leonard, and Richardson, Phil. Mag., 1923, 45, 835. 
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Tho solulnlity ol uitrogou iu jumocnis solutions of sulphuric acid is 
cn in tlic next t able. 


iLUBILITY OF NITROGEN IN AQUEOUS SOLUTIONS 
OF SULPHURIC ACID. 


(Hohr.) ‘ 


Mtjrmality of 


Ah.Hnrptittu ( ‘tH'HuntHit 
II at. (\ 


P 

4 * 1 ) 

8-0 

10-7 

20-8 

24-8 

29*8 

84-8 

85«8 


0158 
0091 
0072 
00 (H? 
0040 
00 18 
0051 
0-0110 
0-0120 


(Clmstoff.) 


Per eeilt. 
lIjKO^. 

Solubility (tRiinciont 

1 at 20'^ C. 

0 

0-015870 

85-82 

()()()8H7 


O-OOOl'M 

IK^-OO 

0-()16r20 


The solubility of nilroj;<-u in aciueous solutions of barium and sodium 
lorides is us folUiws : 

SOLUBILITY OF NI'I'ROGEN IN AQUEOUS SALT 
SOLUTIONS. 

(Braun.) 


i4' AtiHtirpt toll ill Banvtin (Milorult' Solutioim, 


injM*raiurt% 

” (’. 

i:bH:i |« r 

1 1 *02 jK*r 

(Ml IHU* 

3*87 JKT 

3*33 piu- 


Ufitt. 

frllt. 

(‘('tit. 

{‘unt. 

(H'llt. 

5 

0-0127 

0-0187 

0-0100 

0-0180 

1 0-0188 

io 

()-<>n7 

0-0125 

0-0147 

0-0100 

0-0108 

15 

0-0104 

0-0U4 

0-0182 

0-011.8 

0*0150 

20 

0-0002 

0-0008 

O-Ol 18 

0-0182 

0018..5 

25 

()-()()7K 


o-oiot 

0-01 14 

o-ouo 


tif AbHor|»tiou in Sodium (thltiridt^ SolutiouH. 


1 1 '7:i |M'r 

K*14 |M*r 

0*4 i>m- 

2*12 |n*r ^ 

0-(l7 per 


f*unt. 

uunt. 

ft'nt. 

(‘-uni. 

emit. 

5 

0-0102 

0-0127 

0*0188 

0-(H70 

0-0200 

10 

<)■(»<)!>:$ 

0-0 1 18 

0*0120 

0-0104 

<)-01K.5 

15 

O-OOHl 

0-0101 1 

0-0118 

0-0 1 17 

0-0104 

20 

i)-oo0o 

()-()()H7 

0-0008 

0-0181 

0-0148 

25 

0'0047 

0-0075 

0-0088 

0-0118 

0-0180 


* Bohr, 7irUmii. phjfmhil. Chfm.t U)lB» 40, 

a / -ihtJ I twill 


® iirn.il n. ihitl . HMKK 7^1 
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The following table gives the solubility of nitrogen in ethyl alcohol 
at various temperatures : — 

SOLUBILITY OF NITROGEN IN ALCOHOL. 


(Bunsen.) ^ 


Temperature, ° C. 

0 

5 

10 

15 

20 

24 

Absorption coefficient 

0*1263 

0*1244 

0-1228 

0-1214 

0-1204 

0-1198 


The solubility of nitrogen in mixtures of ethyl alcohol and water is 
given by Just.^ 

SOLUBILITY OF NITROGEN IN AQUEOUS ETHYL 

ALCOHOL.2 


Per cent. Alcohol. 

0 

20 

33 

99-8 

Solubility product Z 25 

0*01634 

0-01536 

0-01719 

0-1432 


The solubility of nitrogen in natural petroleum ^ is of the same 
order as that in alcohol; the absorption coefficient at 10 ° C. is 0-135 
and at 20 ° C. is 0-117. 

Nitrogen is much less soluble in aqueous solutions of glycerol ^ and 
in aqueous solutions of sugars ® than in water. 

Liquid Nitrogen. 

Cailletet ® first liquefied nitrogen by compressing it to 200 atmo- 
spheres and allowing it to expand rapidly. Liquid nitrogen is colour- 
less, with a refractive index of 1*2053.’ 

The critical data of nitrogen, according to different investigators, 
is given in the following table : — 


CRITICAL CONSTANTS OF NITROGEN. 


Critical 

Temperature. 

Critical 

Pressure. 

Critical 

Density. 

Authority. 

— 146 

35-00 


Olszewski, Compt, rend,, 1884, 98, 914. 

— 146*25 

32-29 


Wroblewski, ibid., 1885, 100, 979; 




1886, 102 , 1010 . 



0-31500 

Happel, Physikal, Zeitsch,, 1902, 8 , 204. 



0-32690 

Dewar, Proc, Roy, Soc,, 1904, 73, 251. 

— 147*13 

33-49 

0-31096 

Mathias, Crommelin, and Onnes, Comm. 




1 Phys, Lab. Leiden, 1914, No. 145c. 

—144-7 

33-65 


Cardoso, J. Chim. phys., 1915, 13, 312. 


^ Bunsen, Gasometrische Methoden, 1877, 2iid Edn., and AbhaTidlung, Engelmann 
(Leipzig, 1904J. 

^ Just, Zeitsch. physiJcal. Chem., 1901, 37 , 361. 

^ Griewasz and Walfisz, ibid., 1887, i, 70. 

^ Drucker and Moles, ibid., 1910, 75 , 405 ; Muller, ibid., 1912, 81 , 496 ; von Hammel, 
ibid., 1915, 90 , 121. 

® Drucker and Moles, ibid., 1910, 75 , 418 ; Hufner, ibid., 1906, 57 , 618. 

« Cailletet, Compt. rend., 1877, 8 $, 69. ’ Dewar, Proc. Roy. Soc., 1910, AS 3 , 151. 
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TIu‘ iollowiiiix tahlt* ^ivt‘s llu‘ variatiou of the boiliti^-poiut of 
aitro|^a*u with tiu* prt's.surr : 


VARIATION OF THE BOILING-POINT OF NITROGEN 
WITH THE PRESSURE. 


Un\sHun‘. turn. 

AOnoluto Huiliiiij;- 

OroHsurc*, Ati\». 

Al>Holiit(‘ B(yilin;j;- 

((‘nth.) ^ 

point. 

((’ronuiK-Iin.) " 

poiiit. 

12()d) 

01-51 

2-,507 

80-21 

nVAAl 

71-54 

7-370 

90-51 

501-3 

7 4-83 

21-82 

117-02 

700 

77-31 

33-40 <-nt . pt . 

125-90 

03H-(1 

70-lH 


1501*1 

81-21 1 

- 



Thi' eju|)b*i<‘ul lormtihu'^ vapour pr<‘ssun‘s of licpiid 

aitrot^rn at any temiiorat ure hrtween 2()S*;h) to I tS-OH'' ma-y l)e 
writtt'n ns : 

log p ;llO‘tn. T 1 !2'3Sl (hV^cmT I ()-()(K)Sm)‘i'P 0 *()<K)()()llM) 7 r>T‘*, 
wlunv T / i 

DENSITIES OF LIOUH) NITROGEN AT VARIOUS 
TEMPERA'riJRES." 


1 j 

PonHity of laqnid. 

Pt-iwity nf OaH. 

148-08 

0-1314 

0-18020 

1 49-75 

0-4799 

0-10380 

153-05 

0-5332 

0-11170 

101*20 

0-0071 

0-00087 

173-73 

0-0922 

0-02902 

IH2‘54 

0-7t33 

0-01558 

P95-09 

i 0-8043 

0-0014)0 

200*03 

1 0-8205 

0-00278 

205-45 

1 0-H499 

0-00130 

20H-3tl 

0*8022 

0-00089 


Thest* values tuny he <*caiipar<*tl wit h thos(‘ of earH(*r iuvc‘stigat<)r.s 


* ritlh, Vrmimj Akmi, IVthnm-k. Aimtvrdum, 191 K, 27. 5^3 ; (hm.m. Lntkn^ 

No. um. 

® ( 'roaiiiii’Hiu rrr^/fif/ Aknti. H 1 1* itm'h, A 1914, 23, H7'l, 9H2 ; (kunnt,. 
kdtb, /#riV/r/*, Nt», l4Ad. Knr I’lirUrr vahirH, and Alt, /)rtid(’*s .la/edra, 1902, 9i 

Ilafv, Miitj,, IIMHJ, 49, 517. 

® MatldaH, I ‘ruiiiiiirlia, and Oiatan, (Uhhw, ImIk l,ridrn^ Nt>. 102. 

Mathiim, Oimr«. iiinl IVonittudiu* iViiV/,, 1914, No. Mor ; /Vor. A. Akad, W vU'HHch, 
Amnirfdum^ IlUo, 17, 957 ; i 'amjd, rrnd,^ 1915, i 6 d, 239. 

^ WfiddrWMkt, IHHO, 102, H>10. 

^ (Ikw'waki. ItiVrf. AnmiUu^ oH. 
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and with others, from which the following densities (of liquids only) 
have been selected : — 

t -210-5 -205 -200 -198-3 -195-5 -195-5 -190 -185 -184 

d 0-87921 0-8537 2 0-8309 2 0-8297^ 0-8103 ^ 0-80421 0-7874 ^ 0-7622 2 0-7570 2 

The latent heats of evaporation {in calories per gram) are given in the 
following table : — ^ 


LATENT HEATS OF EVAPORATION OF LIQUID 
NITROGEN. 


0. . . 

-148-08 

-148-61 

-149-75 

-153-65 

-161-20 

-173-73 

-182-51 

-195-09 

-200-03 

-205-45 

-208-36 

T.^abs. . 

125-01 

124-48 

123-34 

119-44 

111-89 

99-36 

90-58 

78-00 

73-00 

67-64 

64-73 

1 cals, per 










51*64 

gram . 

9-17 

11-40 

15-03 

1 

22-96 

31-73 

39-63 

43-09 

47-06 

48-64 

50-52 


These latent heats may be represented by the formula 

Z2=89-962(T,--T)-1-47242(Tc-T)2+0*011666(Tc-T)3. 

The specific heat^ of liquid nitrogen at —-200*4° C., and also at 
-209° C., is 0*476. 

Surface Tension . — This was first determined at —196° C. as 8*514 
dynes per cm.,® while the variation with temperature is as follows : — 

Z°C. =-203 -193 -183 

y dynes/cm. = 10*53 8*27 6*16 


The change in the molar surface tension with the temperature is 
given by 

r(VM)i=2-002(124*29-T), 

M 

in which Vm is the molar volume 


The temperature coefficient 2*002 is slightly below the mean value 
for normal liquids. The relation is rectilinear, as usual, up to a tem- 
perature a few degrees below the critical temperature (126° to 128° 
abs.). 

Solid Nitrogen. 

By rapid evaporation and cooling under reduced pressure, liquid 
nitrogen is converted into an ice-like solid, ^ which melts at —210*5° C. 
under a pressure of 86 mm.^® 


1 Dewar, Pmc. Boy. Soc., 1904, 73 , 251. 

2 Baly and Donnan, Trans. Ohem. Soc., 1902, 81 , 912. 

2 Inglis and Coates, ibid., 1906, 89 , 886 . 

* Mathias, Crommelin, and Onnes, Comm. Phys. Lab. Leiden, No. 162 

« Eucken, Ber. Dent. physiJcal. Oes., 1916, 18 , 4; Keesom and Onnes, Proc. K. Akad 
Wetensch. Amsterdam, 1916, 18 , 1247. 

* Grunmaoh, Sitzungsber. K. Akad. Berlin, 1906, p. 679. 

’ Baly and Donnan, Trans. Qhem. 80 c., 1902, 81 , 907.' 

® V. Urk,*Ooww. Phys. Lab. Leiden, 1925, Suppl. 50 to Nos. 169-180 
» Olszewski, Compt. rend., 1885, 100 , 979 ; Wroblewski, ibid., 1886, 102 1010 
Fischer and Alt, Drude's Annahn, 1902, 9 , 1148. ’ 
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The density at 252-5° C. is 1*02655 and the calculated density at 
-273° C. is 1*1370.1 

Nitrogen exists in two solid forms, ^ and the transition temperature 
is 35-5° abs., with a molecular heat of transformation of 53*8 cals. 

The atomic heat increases steadily from 1*60 at T=15*27° abs. to 
5*16 at T=55*26° abs.^ 

The variation in the atomic heat with temperature leads to the 
conclusion that crystallised nitrogen is diatomic. 

The dielectric constants of the liquid, and also the solid form, have 
been determined,^ 

Crystalline Form,— The crystals which separate from the liquid at 
—210° C. were considered to belong to the cubic system.^ This opinion 
was not, however, confirmed by an X-ray analysis of the solid at —253° C.® 
The matter was further tested by an observation of the solid in a cell 
with plane-parallel glass sides, by means of a polarisation microscope. 
The crystals were weakly doubly refracting, and therefore anistropic at 
the melting-point and down to —253° C. Nitrogen does not appear to 
crystallise on the regular system.*^ 

ACTIVE NITROGEN. 

History and Conditions of Formation. — When the electrical dis- 
charge is passed through nitrogen at low pressures, a yellow glow is 
seen which i:)ersists for a short time after the gas has left the region of 
the discharge. Although this observation had been made some time 
before, it was left for Strutt in 1911 ^ to examine thoroughly the 
physical properties of the afterglow and the chemical reactions of the 
active form, which differ widely from those of ordinary molecular 
nitrogen. 

The production of the glow is powerfully catalysed by the presence 
of small quantities, about 0*1 per cent., of Og, CO, CO 2 , HgS, SOg, Cl 2 , 
CTI^, and several other gases. Indeed there has been a considerable 
controversy as to whether it can be produced at all in absolutely pure 
nitrogen. Strutt prepared his nitrogen by passing the commercial gas 
over liquid sodium-potassium alloy, or over sodium at about 300° C., 
and observed the phenomena described. Tiede and Domcke ^ found 
that if oxygen is completely absent from the nitrogen, i.e, if it is derived 
from potassium or barium azide, there is no indication that the active 
Ibrm is produced. Further work in collaboration seemed to show that 
a catalyst, such as traces of the gases mentioned, must be present for 
the optimum activation, but that in certain forms of apparatus this 
may be induced in pure nitrogen.^® It may, however, be taken as an 
established fact that atmospheric nitrogen freed from oxygen by com- 
bustion with an excess of phosphorus does not show the effect, nor was 

1 Dewar, Proc. Boy. Soc., 1904, 73 , 251. 

- Eucken, JBer. Deut. fhysikal. Ges., 1916, 18 , 4. 

® Keesom and Onnes, Comm. Phys. Lab, Leiden, No. 149 , 

^ Ebert and Keesom, ibid.. No. 182 . 

s Wahl, Proc. Roy. Soc., 1912, 87 , [A], ^11; ibid.', 1913, 88 , [AJ, 61. 

® Smedt and Keesom, Comm. Phys. Lab. Leiden, No. 1786 . 

’ Vorlander and Keesom, ibid.. No. 182 . 

® Strutt (now Lord Rayleigh), Proc. Boy. Soc., 1911, A 85 , 219. 

® Tiede and Domcke, Ber., 1913, 46 , 340, 4095. 

Baker and Strutt, ibid., 1914, 47 , 2283. 
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it observed l)y Strutt in tlie ease ol' eommer<-ial uitro<'en whieh had 
been in contaet with luolteii sodium for several hours.' In tliis eou- 
neetion it may be notvd that althouKb tht‘ jjlow is fjenerally taken jis 
the most important evidema' that aetivatiou has taken plac-e, it. is not 
always a neeessary eoneomitant <d' eliemieal netivity." 

Preparation.' The Ibllowin^ nu-lho<I <*!’ [ireparation is to a frreat 
extent quoted IVom the <leseription by the original investigator," and 
his diagram was used iu drawing tlie apparatus. 

Conuuereial eompressed nitrogen, pr<'pared by the reetili<-ation of 
li(juid air, is stored over water in a gas-hoUler in wlueh is hung a |)er- 
forated metal bucket containing phospliorus. Before use, the gas is 


Induction CoH 



Fkl 7. — Pcppamtion utid (‘hpmiciil *>f urtivi' nitrogfn,* 


a, tUwlutrgt^ tuPp. 

tJbW'fVttt itta inal r«'tirtit»i» tiihi', 

T» tultf' timrtigh Hr<^ lutrtHluB'tdL 

</, far paiBlPtaiiitltnu 
& /, Kpark Klip, 
fft Uiiw«r t\vUmh’r. 


dried by passing through an ordinary IuIh* <yi* phospliorus pc‘ntoxide. 
A stream of this nitrogen under low pressure is passt^d through a tube 
a, in which a vigorous jar discharge is niaintaim^cL'* Thc‘ gas is then 
drawn by a powerful air“i>innp into tlu^ vessel />, wIuuh^ it exhibits a 
brilliant yellow light, whicli may persist for several minutes. The 
light, when analysed by the spectroscope, shows som<^ but not all, of 
the bands produced by nitrogen in a vacuum d^seha^g<^ Tlierct is also 
a bluish-violet light which is masked by the yt'llow, but whieh may be 
seen by interposing a piece of blue gfass. This light camsists of two 
sets of bands, the ^ and y series- The ^ hands were new, but the y 
bands are produced when nitrous and nitrite oxides art‘ introdiux'd into 
‘ a Bunsen riamc. 


^ Htrutt, Tram, Chem. 1918, 113 , 2 ui). 

Koenig and Elod, Ikr., 1914, 47 , 5Ui. ® Htrutt, Pmc, Hotj. S(U\, 1911, A 85 , 294. 

* A spark gap of about six inches is ro(j[uirecL 
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The yellow and blue glows may be photographed separately by using, 
first an isochromatic plate with a yellow screen, and then an ordinary 
plate with a blue screen, or no screen, since the yellow light has only 
a very slight effect on a photographic plate. 

Some of the chemical reactions have been conspicuously demonstrated 
in this apparatus. When acetylene is admitted a lilac glow is developed. 
The hydrocyanic acid produced may be condensed by surrounding the 
vessel d with liquid air, or it may be drawn through a solution of sodium 
hydroxide and identified by the Prussian blue reaction. When the 
activated nitrogen is passed through a U-tube containing cold mercury, 
the surface of the mercury quickly becomes fouled, and when it is distilled 
with water, ammonia can be detected in the distillate by the aid of 
Nessler solution. 

Physical Properties of the Glow. — The glow disappears on heating, 
and also under a feeble electric discharge.^ At ordinary temperatures it 
persists for about a minute. Exposure to the temperature of liquid air 
intensifies it, but diminishes its duration. It is greatly increased by com- 
pression, but when the former volume is restored the capacity to produce 
the glow is exhausted. The heat of formation is about —40,000 cals, per 
mol. of nitrogen 2 (see also pp. 44 and 46). It is not affected by an 
electric field, but possesses a considerable electrical conductivity, com- 
parable to that of a salted flame. ^ The spectrum .(see above) is not the 
same as that of ordinary molecular nitrogen ; it contains a green, a 
yellow, and a red band.^ 

Reactions take place readily with metals, non-metals, and compounds. 
Sulphur and iodine show a blue flame. In the case of sulphur some 
matter, probably a sulphide of nitrogen,^ is deposited on the glass.® 
The yellow form of this sulphide is obtained by the action of active 
nitrogen on sulphur chloride. White phosphorus is changed into the 
red variety, and at the same time a nitride is produced.^ Arsenic shows 
a green glow and gives a nitride.^ 

The combination with metals is accompanied by beautiful and varied 
glows which exhibit the line spectra of the metals. The brilliant in- 
tensification of the sodium line when the metal, just above its melting- 
point, is brought into active nitrogen, constitutes a delicate test for the 
latter. Combination also occurs with zinc, cadmium, and mercury.^'® 
The nitride of mercury is explosive,® 

It is remarkable that neither oxygen nor hydrogen combine with 
active nitrogen. The extinction of the glow which is caused by ammonia 
or oxygen in amounts over 2 per cent., or by oxides such as those of 
copper or manganese, may be due to chemical action, or to a catalytic 
action upon the recombination of the active form. 

Nitric oxide is oxidised to nitrogen trioxide, which latter may be 
condensed to a blue liquid in the ordinary way. The reaction probably 


^ According to later experiments the glow is enhanced by heating to 225° C., destroyed by 
heating to 300° C., and then only exceptionally reappears on cooling (Willey, J. Chem. Soc., 
1927, 2831). 

^ Strutt, Proc. Roy. Soc., 1911, A 85 , 219; ibid., 1912, A 87 , 179. 

3 Strutt, ibid., 1911, A8s, 219 ; Eowler and Strutt, ibid., 377 ; Strutt and Fowler, ibid.. 


1911, A 86 , 105. 

* Strutt (Lord Rayleigh), Proc. Roy. Soc., 1913, 88 , 539; see also ibid., 1915, 91 , 303 ; 
1916, 92, 438; 1917, 93 , 254. 

® Strutt (Lord Rayleigh), ibid., 1911, 85 , 219; see also ibid., 1911, 86 , 56; 1912, 86 , 


262; 1912, 87 , 180. 
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occurs in two stages. Thus, assuming that the active form consists of 
or liberates atoms : 

N+2NO — ^NOg+Ng ; • ’ NOg+NO — ^NgOs. 

Acetylene and other carbon compounds are decomposed ; the nitrogen ' 
gives cyanogen or hydrogen cyanide : 

C 2 H 2 + 2 N— ^C^N^+H^. 

In the case of alkyl halides and chloroform, halogen is set free : 

2 CHCI 3 + 2 N — ^C 2 N 2 + 2 HCl+ 2 Cl 2 . 

Strutt has endeavoured to determine the proportion of nitrogen 
converted into the active form : 

{a) By absorption with phosphorus. This showed the presence of 
about 0*5 per cent, of the active form. 

{h) By causing the gas to react with excess of nitric oxide and weigh- 
ing the resulting nitrogen trioxide. This showed the presence of about 
2*46 per cent. Probably this divergence is to be accounted for by the 
difficulty in keeping the conditions of the activation constant. 

Although active nitrogen does not itself combine with oxygen (which 
in minute amounts favours its formation, and in larger amounts catalyses 
the recombination of the active nitrogen), it may yet play a part in 
the electrical methods of preparing oxides of nitrogen. 

Chemical Properties of another Form. — It is well known that 
high-tension discharges produce both ozone and oxides of nitrogen, and 
are indeed necessary if a good yield of oxides is to be obtained (see Chap. 
XIV. ). Since the same conditions lead to the formation of active nitrogen, 
it has been suggested ^ that the oxidation may be due to an interaction 
between active nitrogen and ozone.^ In the Leetham process (1903), 
which was devised to prepare a bleaching gas from the air, the latter 
passes through an ozoniser and then through a spark gap. In an in- 
vestigation of this process ^ it was found that passage in the reverse 
direction was equally effective in producing oxides of nitrogen, but that 
each form of discharge by itself had little effect. The amount formed 
was estimated by means of the absorption spectrum of NO 2 , which can be 
detected to 1 part in 1800 by observation through a very long column 
(64 feet) of the gas. The active nitrogen and ozone, in insufficient 
amount, may be formed in the spark gap, and the further amount of 
ozone required in the silent discharge. The active nitrogen prepared by 
Strutt is not oxidised by ozone, so that it is not identical with the form 
prepared by Lowry. 

The Energy of Activation. — The amount of energy evolved in the 
decomposition of active nitrogen with the formation of 1 molecule of mole- 
cular nitrogen, Ng, was estimated by Strutt (1911) as 1-2 to 1*8 times 
that evolved in the decomposition of 1 molecule of NO, i,e, 26*000 to 39*000 
Cals. This result was in the main confirmed by more recent experi- 
ments, one of which will be described.^ Active nitrogen, produced as 
described above, was mixed with nitric oxide and allowed to stream at 

^ Lowry, Trans, Chem. Soc., 1912, loi, 1152. See also Lowry, Phil. Mag.^ 1914, 28, 412* 

^ It was already known that the combination between nitric oxide and ozone produced 
by electrical discharge under low pressures gave an afterglow (Strutt, Proc. Phys. 80 c., 
1910, 23, 66). 

® Willey and Rideal, J. Chem. 80 c., 1926, p. 1804. 
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a steady rate through a tube surrounded by toluene, used as the calori- 
metric liquid, in a Dewar flask. The temperature rose, and then attained 
a constant value. The same constant temperature was then attained 
by an electrically heated coil immersed in the same calorimeter ; the 
electrical energy supplied per second was equal the heat evolved per 
second by the reaction. It was proved by a separate exj^eriment that 
this heat was evolved by that reaction wliich is expressed as equation 
(2) below, since only a small proportion of NOg was formed in the rapid 
passage (0*7 sec.) of the gases through the calorimeter. The amount 
of NO 2 produced by the subsequent oxidation at liquid air temperatures 
(equation 3) was determined by titrating the iodine liberated from a 
solution of potassium iodide. Every molecule of NOg found, corresponds, 
of course, to the amounts expressed by equation (2), and since the heat 
of decomposition of 2NO is 43,120 cals., the heat of activation E is given 
by the equation 

22*400 cc. of N02=21*560+- Cals. 

The amounts of heat found by this method, and by one involving the 
catalytic decomposition of active nitrogen in the presence of oxygen, 
ranged between 30*700 and 46*000 Cals. ; and the mean of the mean 
of results obtained by each of the two methods is 41*200 Cals. The 
authors consider that the reaction should be expressed by the following 
equations, in which the dash denotes the activated or metastable 
molecules : — 

Ng'+NO — ^NO'+Ng .' • . . . . (1) 

.H-O2^E4-43*120:Cals. . (2) 

L i ^ *1^ t h J L y u i 

Speculations as to the the Active Form. — The 

electrical conductivity of active (see above) suggests that it 
might simply be the ionised gas ; but this hypothesis is not tenable 
for several reasons, among which may be mentioned the fact that the 
removal of charged particles which have survived the discharge has no 
effect upon the afterglow. ^ 

The chemical properties would suggest that it is triatomic nitrogen, 
analogous to ozone, but such an allotropic form would probably be 
condensed at liquid air temperatures, which does not occur so far as is 
known at present. Additional evidence against this view is the com- 
paratively simple nature of the spectrum. 

Rayleigh himself considered that it is probably atomic nitrogen, in 
support of which we may note the following : — 

(а) The simplicity of the spectrum. 

(б) The groups of lines in the spectrum agree with the amounts of 
energy required to convert nitrogen into the atomic condition, i.e. a 
total of 11*4 volt-faradays, or 263,000 cals.^'"^ 

(c) The afterglow is lengthened by heating and shortened by cooling. 
This behaviour is unique, and suggests that the reaction is also unique. 

(d) The rate of decay of the glow follows a bimolecular law.® 

Certain difficulties in the way of this hypothesis have been stated 

1 A small jDroportion may consist of atoms which set free energy equivalent to 200,000- 
250,000 cals, on recombination (Willey, J. Chem. Soc.^ 1927, 2831). 

2 Lewis, Astrophys. «/., 1900, I2, 8. See also Trautz, Zeitsch. ElektrocUm., 1919, 25, 299. 

3 Birge and Sponer, Phys. Rev., 1926, 28, 283. See also Birge, Nature, 1926, 117, 80. 

^ Johnson, Nature, 1927, 119, 9. ® Angerer, Physikal Zeitsch., 1921, 22, 4, 97. 
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y those who maintain the opinion that active nitrogen consists of 
letastable molecules in an excited condition.^ The heat of activation 
ctually observed, Le. about 40*000, with a maximum of 46*000 Cals., 

; less than that calculated for the dissociation of nitrogen into atoms, 
^hich is estimated at more than 190*000 Cals., and is probably between 
00*000 and 400-000 Cals.^* ^ 

A discharge which is of such a nature as to give only the line spectrum 
f nitrogen does not produce the afterglow.'* 

These difficulties may be largely overcome by supposing that active 
itrogen contains at least two distinct molecular species : 

( 1 ) Metastable molecules with a lower heat of formation. 

( 2 ) A much smaller proportion of atoms which combine to form high 
wel excited molecules with a higher heat of formation (see above). 

The former are responsible for the chemical activity, the latter for 
tie glow. These two manifestations of activity are only related to one 
nother in a complicated manner.^ 

The Conditions of Formation of Nitrides. 

General Considerations. — The affinity of nitrogen for other 
lements is not manifested at ordinary temperatures, but on heating 
ombination often occurs, especially in the case of the metals (and 
ydrogen), which combine in an exothermic manner.® The energy of 
ombination with the more electro-positive metals (especially those of 
he rare earths ) is considerable ; thus cerium heated initially to a dull 
ed heat in nitrogen soon becomes incandescent. 

With non-metals the combination is usually endothermic, and occurs 
t very high temperatures ; and this is the case also with those elements 
irhich are electro-negative to nitrogen,’ and which sometimes can only 
le caused to combine with it by indirect means.’ The formulae of the 
itrides, in the cases where they have been definitely established, are 
Lsually those which are to be expected from the ordinary valency of the 
econd element and the trivalency of nitrogen. 

Nitrides can therefore be regarded as salts derived from the 
nhydro-acid, ammonia. In their chemical behaviour they either 
esemble salts of a very weak acid, being completely hydrolysed with 
he production of ammonia, or they are stable substances which may 
iwe their chemical inertness to a high degree of polymerisation. 

Typical formulae are M 3 N, M 3 N 2 , MN, M 3 N 4 , M 3 N 5 , in which the 
^alency of the nitride-forming element M runs from 1 to 5 ; for example, 

Li3N, CU3N, Ag3N, AU3N; 

Ca3N2, Sr3N2, Ba3N2j 

BN, AIN, AsN, SbN, BiN; 

Si3N4, TiaN^, Th3N4, U3N4; 

P3N5, Nb3N3, Ta3N3. 


^ Willey and Rideal, J, Chem. Soc., 1926, p. 1804. 

^ Langmuir, J. Aimr. Ghem, Soc., 1912, 34, 860. 

® Eucken, Annalen, 1924, 440, 111. ^ Fowler and Strutt, Proc. Boy. Soc., 1911, 85, 877. 

^ Willey, J. Chem. Soc., 1927, p. 2838 ; Kaminsky, Zeitsch. EUhtrochem., 1926, 32, 536. 
« Thus the heat of formation of ammonia (which, strictly speaking, is hydrogen nitride, 
I3N) is -hl2 Cals, per mol., and that of lithium nitride, LigN, is -i-49-5. 

’ The heats of formation expressed in the same units are : for cyanogen, [Cg, Ng] =—71 
Jals. ; for nitric oxide, [Ng, Og] = ~43*2 ; for nitrogen trichloride, [Ng, 3CI2] =**—77 Cals. 
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Survey of Methods of Preparation and Properties. ^ 

L Din'd at nuHk'ralc or hi^h temperature with the 

t'haueut (iu the eas<‘ ol uu*tals the anial^ums itiay be used). When 
heated in a (‘urnait of uitr<»^r(‘u, or when they are uiade the poles of an 
(‘h^elrie an* in an atmosphere of nilro^a*!!, the followiu^r will eombiue 
Li, La, Sr, Ihi, B, Al, stmu* m(*tals of the rare earths, iueludiu^^ 

t'e and Th, also Si, Ti, Zr, V, Kh (Cb), Ta, CV, U, and Mn. 

lithitim is one of the most reactive metals towards mtrogeu ; it 
gives the nitride at a n*d heat/**-» or even iu the eold.'^ The nitrides of 
th<* alkalim* earths are harmed hy heating the amalgams of the metals 
to a dull red lu*at in nitrogen/''^ 

Manganese nitride* is formed in the same way from manganese 
amalgam. Magnesitnn absorbs nitrogen at a still lower temperature, 
as may easily bt* shown by a W(*U-knowu experiment.** Metallic lau- 
thamim absorbs nitrogen at 850'^ to 900"* C. up to 9 per cent, of the 
weight of the metaU 

Tlu* nitride’s of the*se* reaetive* metals are usually dark powders whieli 
are* easily hyeirolysed hy e‘olel water with evolution of ammonia, e.g, 

Mg,N, I 811,0 8Mg(()II), 1 -iNH,. 

The* reac'tion is in some <‘use*s so e*ne‘rgelie that the adelition of a little 
wuteT raise*s the* nitride*, e.g. ee*rous nitriele*, te) a rt*d heat : “ 

2(VN i 411,0 2(^0, I 2NIIa 1 H,. 

Tlie format iem of nitride’s hy (his method has been much used to 
se*pnrate nitr(»g<*n, as w<*ll as oxygen, fre)m mixt\ire‘s of air with the inert 
gHse‘s (see Vol. I,, anel VoL \TI., l^irt L). The‘y also supply theoretical 
metluHls ed’ hxiiig nitr<ige*n, althemgh up te) the pr(*s(*nt these methods 
are ned eomme*reialIy fe*asible*, e*xee*pt pe‘rhaps in the ease of AIN (s(*e 
Vol. IV., and this vedume*, p, 217). 

(*hre)minn) anel mangune»se nitride’s are not (‘asily hydroIys(*d. Boron 
anel titanium nitrieles are* inert powders, and are Tmaff(*<‘t(*d by wa.t(T 
or iie|nt*ous mdels. Silicon nitride*, whiedi is only fe)rnu‘d at a high 
temperature*, is also a very stable* eompe)imel. 

2. The Adiitu af (*tirhon ttml Nitrogvn on ()iVldes\ Alumininni nitriele 
is fe)rme*et when the* oxide*, mixed witli eurbon, is Imated to a high it*m- 
peratnre* in a (*urreni of nitrogt*n or preKlu(*e‘r gas (nitroge’ii with carbon 
monoxide). In most east*s, ns in the)se* of the oxide‘s of tlie* alkaline earth 
metals, this proc*e‘eture give*s, iii nelditie)n, <‘yanide and eyanamide*. 
Nitride*s i»r /.iretanuiii, .se*aneUum, and iue)bium have* also hern prepare‘d 
by this methoel,^ 

II, The Adion ofdaArom Ammonia on iUe/a/x or their fArhfev. AVhen 
ammonia is passeel over eniprie or enprenis oxide at about 300'' C., a nitride*, 
having a eomposition approximating to C'u^N, can he separated from 

^ lit tirrortlitfirr vt ifh titi' gi'ni’Otl Ht’luMnt* d tri*atnu'nt in thin dctaitsl acau)nntH 

ill thif nttmUm, with fyll rvivrtwtm, will Ik* found under ilu' rcHiH'etivc' nitridt^-funning 
idratriitH. 

* ihivriirtl, rrrnt,, IHlri, 11:4, 120. ^ (Juuiz, ibid,, 1895, 120, 77. 

^ bfikndn*ii, ihid., IMIk. 131, 8HII. ^ Maqueuine^ ilmL, 1892, II4, 25, 

^ Mer/,, ikr,, 1891. 24. 11940; Newth, *'C!hetuic‘al Usd-ure KxiHuiment.” 

^ Mutliiiiiyin anil Kraft, Antmirn, 1002 . 325,201. 

® »\hitli«iiain ion! Kraft. i 5 n/., 1!MI2. 32$. 208 , 

® Friedrrieh lutd Hittig, ZrinAi. (tmmj, (*hrm., 1925, 143, 292. 
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the reduced copper by dissolving the latter in a mixture of ammonia 
and ammonium carbonate.^’ ^ Ammonia reacts with zinc dust at 
600® C. ; the product contains rather less nitrogen than is required by 
the formula Zn 3 N 2 .^ Nickel and cobalt at, or slightly below, 500° C. 
are converted by ammonia into nitrides of variable composition.^ 

A nitride of iron, of inconstant composition, but corresponding ap- 
proximately to Fe 4 N 2 , was made by passing ammonia over the finely 
divided metal at 460° C.® The reaction was further studied and the 
composition established by many researches.^* It is possible that 

the formation of nitrides by this method always takes place through 
the intermediate formation of amides and imides. 

4. The Decomposition of Amides and Imides by Heat — The amide 
of zinc yields nitride when heated to 200° C. : 

3Zn{NH2)2=Zn3N2+4NH3.ii 
Borimide (see Vol. IV.) decomposes below 130° C. : 

B2(NH)3=2BN+NH3.i2 

Each of the intermediate compounds has been isolated, and the condi- 
tions of the successive changes determined in the case of arsenic : 


2As2(NH2)3=As 2(NH)3+3NH3 (at 60° C.); 
As 2 (NH) 3 = 2 AsN+NH 3 (at 250° C.). 


5. The Action of Aqueous Ammonia. — Aqueous ammonia at ordinary 
temperatures converts the oxides of silver and gold into the explosive 
nitrides, AggN,^^ AugN, and AugNg respectively. 

6. Reactions in Liquid Nitrogen. — The nitrides of tin, lead, and 
cadmium have been prepared by passing an electric arc between elec- 
trodes of the metals immersed in liquid nitrogen.^®' 

7. Reactions in Liquid Ammonia. — ^Double decompositions which- 
occur between halides and amides in liquid ammonia generally yield 
complex double amides, often with ammonia of crystallisation. But 
in some cases a nitride is produced, e.g. the nitride of bismuth, by the 
reaction between the bromide and potassium amide : 


BiBr3+3KNH2 =BiN+ 3 KBr + 2NH3. 


8. The Action of Dry Ammonia on Anhydrous Chlorides {Chlor- 
anhydrides ). — This reaction is applicable more especially to the 
chlorides of the non-metals, and particularly those of the fifth and sixth 
^ups. 

An account of nitrogen sulphide is given on p. 203. Selenium 


^ Sdirotter, Annakn, 1841, 37 , 131. 

^ B^y aad Henderson, J. Ghem. 80 c., 1901, 71 , 1252. 

* Gnnte and Bassett, BuU. Soc. chim., 1906, [ 3 ], 35 , 201. 

* WMte and Kirschbraun, J. Amer. Ghem. Soc., 1906, 28 , 1343. 

Bdlby and Henderson, Trans. Ohem. Soc., 1901, 79 , 1251. 

J^refe, Ai^ Chim. Phys., 1829, 42 , 122 . ^ Fowler, J. Chem. Soc., 1901, 79 , 285. 

® Beilby and Henderson, ibid., 1901, 79 , 1245. 

1 ® an4 Kirschbraun, J. Armr. Chem. Soc., 1906, 28 , 1343. 
u OueerkUion,BerUn, 1911. u Frankland, Phil. Mag., 1858, [4], IS, 149- 

i« 1^2,35,635. “ Hugot, Compt. rend., 1904, 139 , 54. 

« =*33, 93. Raschig, ibii, 1886, 235 . 348 

“|^andIhoTi<a,Rer., 1908, 41, 3802, 4449. 

« “r 1910. 43 , 1465. . 

iTanklin, J. Amer. Ghem. Soc., 1905, 27 , 220. 
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and tellurium nitrides, SeN ^ and TeN,^ have also been prepared, 
and are described in Vol. VII., Part II. The chloronitrides of 
phosphorus are described in Part II. of this volume, and the nitroo-en 
halides on pp. 114 seq One preparation of boron nitride consists” in 
fading the vapour of BCI 3 with NH 3 through a tube heated to 800° C. 
Ihe product is a voluminous colourless powder, which undergoes a slight 
hydrolysis in the air.® Boron nitride is fully described in Vol. IV. of 
this series. 


Zirconium nitride is prepared as a greenish-brown substance by the 
action of NH 3 on ZrCl^. The analysis of this product gave results 
corresponding most nearly to the formulae ZrgNg and Zr^N^.^ 


Atomic Weight of Nitrogen. 

Historical.— Prior to 1860, the names of Berzelius, Dulong, Gmelin, 
Turner, Penny, and Marignac were associated with atomic-weight de- 
terminations of nitrogen. An exhaustive series of investigations by 
Penny ^ resulted in the mean value of 13-967 from the ratio Ag : AgNOg, 
and Marignac’s ® value for the same ratio was 13-982. This latter 
experimenter mentions the difficulty of obtaining pure silver nitrate, 
owing to the tendency of the crystals to retain nitric acid. 

The elaborate researches of Stas ’ between the years 1860 and 1881 
resulted' in the mean value of 14-040 as the atomic weight for nitrogen, 
which was taken as standard for many years. Reinvestigation by 
Rayleigh, Leduc, D. Berthelot, Guye, Gray, Clarke, and others, caused 
a revision to be made in the atomic- weight values of a number of elements, 
and in 1907 the International Atomic Weight Commission adopted 
14*010 as the value for nitrogen. A critical examination of the values 
obtained by Stas was made by Gray, who adduced considerable evidence 
to show that the experimental results of Stas for the atomic weight of 
nitrogen are erroneous. For example, the redetermination of the 
ratios Ag : NFI 4 CI and Ag : NH^Br by Scott,® the ratio Ag : NaCl by 
Richards and Wells,® and the ratio Ag : AgN 03 Richards and Forbes,^® 
resulted in the lowering of the Stas value in each case. Although the 
precautions taken by Stas were, as usual, most elaborate, yet later 
experimenters had many refinements not available to the great Belgian 
chemist. Thus, the ratio Ag : AgNOg, according to Richards and 
Forbes, results in the value of 14-008 when corrections are applied for 
the traces of water and ammonium nitrate in the synthesised silver 
nitrate. 

The researches on the atomic weight of nitrogen, carried out at 
Geneva since 1904 by P. A. Guye and his collaborators,^^ include the 

1 Strecker and Claus, Ber., 1923, 56, 362. 

2 Metzner, Ann. Chim. Phys., 1898, [7], 15, 257 ; Gonipt. rend., 1897, 124, 32. 

3 Meyer and Zappner, Ber., 1921, 54B, 360. 

^ Matthews, J. Amer. Ghem. Soc., 1898, 20, 843. ® Penny, Phil. Trans., 1833, 537. 

® Marignac, CBuvres completes, Geneva, 1843, i, 87. ^ Stas, ibid., Bruxelles (1894). 

8 Scott, Proc. Ghem. 80 c., 1900, 16, 205 ,- Trans. Ghem. Soc., 1900, 77, 648 ; ibid., 1901, 
79, 147. ® Richards and Wells, J. Amer. Ghem. Soc., 1905, 27, 5. 

Richards and Forbes, ibid., 1907, 29, 808. 

A'detailed account of the physical measurements carried out in connection with this 
work is given by Guye in “ Recherches experimentales sur les propriet^s physico-chimiques 
de quelques gaz en relation avec les travaux de revision du poids atomique de I’azote 
{Guye, Mem. Sci. phys. nat, 1908, 35, 548-694). The following account of Guye’s work is 
reproduced from this Series, Vol. I. 

VOL. VI. : I. * 
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analysis of nitrous oxide, both gravimetrically ^ and volumetrically^^ 
the gravimetric analyses of nitrosyl chloride ^ and nitrogen peroxide,^ 
the indirect volumetric analysis of ammonia, ^ the determination of the 
densities of nitrous oxide and ammonia ® by the volumetric method, and 
the density of nitric oxide by the ordinary globe method,^ and, finally, 
the measurement of various gaseous compressibilities ® and critical 
constants.® 

It may be stated here that all pieces of apparatus were weighed by 
the method of vibrations against counterpoises of similar material and 
shape, and of nearly equal weight, and all weighings corrected to the 
vacuum standard. 

Preparation and Purification of Nitrogen Compounds Used. — 

Nitrous Oxide. — Since the gas, prepared by any of the usual methods, is 
always slightly contaminated with nitrogen, recourse was had to the 
method devised by V. Meyer.^® Concentrated sodium nitrite solution 
was dropped from the vessel D (fig. 10) into a neutral solution of 
hydroxylamine sulphate contained in the flask E. The gas evolved was 
passed through potassium hydroxide solution and concentrated sulphuric 
acid in the bottles N and P respectively, and finally dried with phos- 
phoric anhydride in S. The solutions were prepared in air-free distilled 
water, and at the commencement of each experiment the apparatus was 
evacuated through the tube F ; a small quantity of gas was then dis- 
engaged, and the apparatus again exhausted. A repetition of this 
procedure once or twice served to eliminate completely the last traces of 
air, when the tube F was sealed. 

Nitric Osdde. — This gas was produced by three distinct methods, 
namely : {a) Nitric acid (25 per cent.) was allowed to flow, drop by 
drop, into a boiling concentrated solution of ferrous sulphate in dilute 
sulphuric acid, or a concentrated solution of sodium nitrite was slowly 
added to one of ferrous chloride in hydrochloric acid.^^ The evolved 
gas (20 litres) was collected over air-free water in a copper gas-holder, 
from which it was afterwards driven through concentrated sulphuric 
acid and over phosphoric anhydride, and the dry gas condensed in a 
receiver cooled in liquid air. (5) A 2 per cent, solution of sodium nitrite 
in concentrated sulphuric acid was run into an Erlenmeyer flask, the 
bottom of which was covered with a layer of mercury. The nitric oxide 
produced was led through concentrated sulphuric acid, and then con- 
densed at the temperature of liquid air. Air was initially eliminated 
from the apparatus by a process similar to that described under Nitrous 

^ Guye and Bogdan, J. Ghim. phys., 1905, 3 , 537 ; Compl. rend., 1904, 138 , 1494. 

® Ja<iuorod and Bogdan, J. Ghim. phys., 1905, 3 , 562 ; Gompt. rend., 1904, 139 , 94. 

® Guye and Huss, J. Ghim. phys., 1908, 6 , 732. 

^ Guye and DrougLnine, ibid., 1910, 8 , 473. 

® Guye and Pintza, Mem. Sci. phys. nat., 1908, 35 , 594. 

® Guye and Bintza, Gom^. rend., 1904, 139 , 679 ; 1905, 141 , 51 ; “ Recherches experi- 
mentales,” he. cit. 

’ Guye and Davila, Gompt. rend., 1905, 141 , 826 ; “ Reclierches experimentales,” 
he. ciL 

® Jaquerod and Scheuer, Gompt rend., 1905, 140 , 1384 ; “ Recherches experimen- 
fcales/’ he. cit. 

® Jaquerod, Ber., 1906, 39 , 1451 ; Briner, J. Ghim. phys., 1906, 4 , 479 ; “ Recherches 
experimentales,” he. cit 

V. Meyer, Anncden, 1875, 175 , 141 ; Treadwell, Arhl. Ghemie, 1902, vol. ii. p. 512 ; 
also Treadwell-Hall, Analytiml Ghemistry (Wiley & ^ns). 

Gay-Lussac, Ann. Ghim. Phys., 1843, [iii], 23 , 203 ; Thiele, Annalen, 1889. 2 <^, 246. 

12 IQM 13 , 73 . » >>00* 
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Oxide. {(') A 10 |K‘r (rut. solution of sul}>Iuiri(‘ a(‘id was add(‘d, drop l>y 
drop, to a(pu‘ous sodium nitrite ((> per cent.). Nitric! oxide' is |)rodu(*(‘d 
in tliis reaetion hy auto-oxiciation of the nitrous arid initially foruK'd : 

:niN(). UNO., 1 2N() i n/). 

The <^ms was thorcni^rhly dried by eondurtin^r it throu^di threr vrssels 
containin^^ siil|>liuri(! arid, and linally li<iuelied. 

It will be noted tliat hij^lua’ oxidc's of nitro^^cai were always absorbed 
by eoneentratc'd snl[)lniri(‘ acad, and not by potassium liydroxid(% sincr 
the latter reagent slowly dcH'omposes nitric oxide', produein^^ potassium 
nitrite and nitrous oxide. 

Th(‘ impuritic's still {)r(\sent; in tiitric oxide, pr('|)ared by the above' 
nu'thods, inelude small epuintities of nitrous oxide' and nitro|^e‘n, and 
traers of hi^du'r oxide's of nitro^rn, arul sueh substaiu'C's as hydroehlorie! 
acid, sulphur dioxide', and chlorine de'rived from the re'a<jfents use'd. 
A consideration of the boilin^r-poiats of tlu' impuritic's su/^^^u'sted tlail it 
sliould be possible to [)r(‘pare nitrie* oxide' fre'c' from all tlu'sc' iitipurilie's, 
with the })ossible ex(‘e|)tion of nitroji^en, by liepu'faetiou and fractional 
distillation. The' prc'se'uee' of ev'eai 0*15 pc'r e'e'ut. of nitro<)fen, howeve'r, 
woidd only c'ause an e'rror of 0*01 per ernt. in llu' value for the demsity 
ed’the ^uis. Ac'e'ordin^dy, the nitric oxide' was liepie'lic'd, and boiled unde'r 
reduerd prc'ssure*, where*by the' more volalile* portions t'seaped, and tlie 
rc'sidue solidilie'd. It was a^j^aiin li(|ue*lled, the' more! volatile portion njjfaun 
boiled off, amel the' proc'C'diire' re'fx'ate'd live' or six time's, unlil the* volume' 
of the liepud haul bc'cti reduee'd by one-half. The solidilie'd re'sidue wais 
tlien slowly sublinu'd, under rt'duce'd pre'ssurc', jind the' limil third re'- 
jc'cte'd. This fraetional sidalinuition wjis re'peaited in various <'Xp(‘H- 
nu'nts froiti two to live* time's. 

Nitrogen Pemvide. This was prepare'd ))y mixi^a‘^^ ait 20'* C., purilh'd 
and eairefully elric'd nitrie' oxide with exce'ss of ptirc' oxy^u'u, pn*paire‘d 
from potassium chlorate'. The! nitrojufc'n jx'roxide' was rept'atc'dly dis- 
tilled undeT rc'dueed prc'ssure! in the pre'senee of oxy^^c'U, to ensure* the 
absenc'e of trioxide, which would have* be'e'u dinicult to remove by dis- 
tilhition. Spe'cial pre'enulions we're* take'U to fre'e* tlu* linal |)rodu(‘t from 
dissolvc'd oxyi^e'u. 

AltlioujL(h nitroi^U'n peroxide decomjaose's into nitrie* oxide* amd oxy^c'U 
at moderadcly luji^h tempe'raturc's, ait ordimiry te'mpe*raturc‘s the e'Xtent 
to whieii this ek'eompositiou })roce*eds is epute' insi^milie'ant, and the 
pc'roxide may therefore be re*garded as a stable* sul)stan(’e'. 

Ammonia,- -Ammonia prc'pare'd from e*omme‘reial ammonium salts 
is always contaminated with trae'C's of ori^fanie base's such as pyridine*, 
wliich materially raise its de'usity. Ae'cordin^dy, tlu* |^as ol>taiui'd from 
a cylinder (!ontainin|r 20 kilograms of litpiid ammonia (tlie* first half 
collecte'd in the distillation of a supply of commere'ial liepiid ammonia) 
was slowly passc'd through a long, hard glass tube, pae!k(‘d with little 
pieces of lime' and hi*ated to rodiwss. The* organic' compounds we're 
thereby decomposed, the nitrogen eontuine'd in them being C!onve*rt<*d 
into ammonia. The* issuing ammonia was (*olh'e'tt*d in |)ur(! hydro- 
ehloric-acid solution, and on crystallisation pure ammonium chloride! 
was obtained. 

The apparatus for obtaining pure, dry ammonia for <k*n.sity me'asure!- 
ments, eonsist<‘d of a large eylindri<»al tube, filk'd with a mixture of pure* 
ammonium chloride and epiicklime, and coimeeted with a purifying and 
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drying system of six tubes. The first three of these were filled with 
solid potassium hydroxide ; the others contained anhydrous barium 
oxide. All the connections were of glass. The apparatus was initially 
evacuated, and then swept out once or twice with dry ammonia, liberated 
at a convenient rate by suitably warming the mixture of ammonium 
chloride and lime. 

Nitrosyl Chloride . — This substance was prepared by Tilden’s method,^ 
a mixture of nitrosyl hydrogen sulphate and sodium chloride in equiva- 
lent quantities being warmed in vacuo in a small flask to 85° C. The 
distillate was collected in a small receiver cooled, in a bath of solid carbon 
dioxide and ether. The materials were previously dried in a vacuum 
over phosphoric anhydride, and the apparatus thoroughly desiccated, 
since nitrosyl chloride is immediately decomposed by water. For the 
purification, the nitrosyl chloride was several times fractionally crystal- 
lised, the final crystals melted, and the liquid submitted to fractional 
distillation, with the rejection each time of the first and last fractions. 
The impurities thus eliminated included traces of hydrogen chloride, 
chlorine, sulphur dioxide, and higher oxides of nitrogen. 

Analytical Methods. — (a) Gravimetric Analysis . — In the cases of 
nitrous oxide and nitrogen peroxide, weighed quantities of the com- 
pounds were decomposed by red-hot iron, which quantitatively absorbed 
the oxygen. Iron spirals were employed, wound on thin porcelain rods, 
and electrically heated. After an experiment, a spiral was prepared for 
further use by being heated in a current of pure hydrogen. Since each 
spiral used was oxidised and reduced a number of times in succession 
before the final experiments were carried out, traces of impurities in 
the iron, capable of forming volatile oxygen compounds, must have been 
eliminated. 

The experimental arrangement adopted for nitrous oxide is indicated 
in fig. 8. The decomposition vessel A- contained the iron spiral, the ends 



Fig. 8. — ^Apparatus for analysis of nitrous oxide. 


of which were silver-soldered to platinum leads fused into the vessel. 
Connection with a mercury pump was initially made through B, which 
was sealed off after A had been completely evacuated. Nitrous oxide 
was absorbed in C, containing wood charcoal which had previously been 
carefully purified by igniting in chlorine, boiling with concentrated 

^ Tilden, Tram. Chem. 1860, I2, 630, 852. 
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hydrochlorii^ a-cid, washing with water and dryin^^ i)i> vacuo. The tube 
C was alt(‘rnately saturated witli nitrous oxidt' and eva.(‘uat(‘d st^veral 
times before bein^^ finally charged witli the ^as. In earryin^^ out an 
analysis, A wiis first cn’^aeuated and wta^hed. The apparatus bein^ Iluai 
fitted ip), H was (‘xhausted and sealed off, th(‘ spiral lu‘ated to bri,i(ht 
redness, and l)y mani[)ula.{in^ taps I) and K, nitrous oxide was passi^l, 
little by littl(\ into A, tap F riunainin^jf closed. Aftcu' thc‘ tutrous oxide*, 
in A was judged to Ix* (‘ompletely de(H>niposc*d, a very slow eurrc'nt of (he 
ji^as was allowc'd to pass ov(*r the in(*andt‘se(‘nt s[)iral, the inlro^e^n 
escaping’ by V through the sulphuric acid in G, The eurn*nt was stoppc'd 
while a eonsiderabk* portion of tiu* surface of the s|)iral still remain<‘d 
uuoxidLs(*d, 1) (*losed and A slowly evaeuatt‘d by coiuu'cting the [>ump 
(i ; throughout tlu* evacuation (he s[)iral was maintained at a rexl h<‘ai. 
to ensure the absence* of any iron nitride from its surface. Finally, taps 
K and F were elosexl, and, on e.ooling, the^ ineivase^ in weight of the v(‘ss(‘l 
d(*t(*rmined. Tlie amount of nitrous oxide usexl was givem by the^ loss in 
W(*ight of C. 

The* d(‘eompositi(>ii V(‘ssel usexl in the e‘xp(‘rime‘als with nilrog(‘n 
peroxide* is shown in fig. 9. It was first 
evaeuateel and we‘igh(*d ; pure nitrog(*n 
peroxide was elistillexl into it, anel 
froze*!! in the* tubulure* A, The vessel was 
again exluuist(*d, and the iiuu’ease in 
we‘ight, due* to tin* pi‘r(!xid(*, was de'l.e*!’- 
miiu'eh The* spiral was lh(‘n luaUeal to 
bright re*du(*ss, and tlie nitrogen peroxide* 
in the tubulure* all<>\V(‘d to (*va,porat(‘ 
slowly, its vapour be‘ing completely de- 
(*o!!i[)OS(‘d. The* r(‘sielual nitre>gen was Via. i), AppumtuH fnr unnlyfUM (tf 
then pumpe'd out, tlie sj)iral be*ing still iutr(>|^(‘n 

at a r<*d h(*at, anel finally the vacuous 

apparatus we‘ighe‘el again, aft.e‘r e*e)e)Iing, in e>rele‘r to eh'teianine* the 
weight of the oxygen fix(*el by the irem. 

For the e’e)mplete analysis e>f nitre)syl ehlejriele, the* pure*, elry vapHair 
was veay sle)wiy Ie‘el threaigh a U-tube* e*eaitiuning fiiiely elivielt‘el silve*r, 
hc*ate*d te) 4<()()‘' 500*' (*. ; s[)e‘e*ial (*xpe‘rime‘nts showexl that the* ehloriiie* 
was ihe‘r(*by e|uantitalive*ly re‘tain<‘el. The* re*sidual nitrie* e>xide* was 
eemehiete'd threnigh a se‘eemel U-tulu* e'emlaining line'ly eliviele*d eoppti' at 
the same temperature in orele*r te) ubse)rb the* oxyge'U ; anel the nitrogt*n 
was finally absorheal hy nu^iailie e*ale'ium, <*oiitaia(*el in a straight glass 
tube ht*ated te) re*eln(*ss. ICaeh al>se)rption tube* was prtjvideei with stop- 
eoeks, all e*e)niu‘(*tie)ns being made by grenmel-glass joints ae*eording te> 
Morley s method ; ^ and a niane>me*te‘r was int roelu<’e*d lH*twe*e*n the 
second and third absorptie)n tubes. The entire* apparatus was e*vaeua4ed 
at the hegii!ning e)f an t*xpe‘nment, and if the* expe‘nment was su(*e'<‘ssful, 
the apparatus n‘i!iaineel va(‘i!0!is at its ((‘lauinat ion. Pe*rft*e*t eli*si<*ealiou 
of the interior of the* a|)parat!ts was, e)f ee)urs<*, absoiult*ly neee‘ssary ; the 
silver mul eopp(*r were prepared for tise hy washing with e*ther and elrying 
in carbon dioxide and liydrogen r(‘sp(‘e*tive*Iy, while the* enk*ium *was 
heaU*el te) iTdtU'ss iu tv/eae, te) eliriiinatej any trace* of volatile* impurity. 

(b) yolumriric A eyliudrieal bull) eeintaining an iron 

spiral and ce)nnected by a capillary tulie to a mercury manometer formed 
* *VI(»rkw> Uoninb,, lH9t\ 29, 
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the apparatus used in the volumetric analysis of nitrous oxide. The 
manometer was provided with the usual opaque-glass point, to which 
the mercury was always adjusted whenever a measurement of pressure 
was required. The bulb was calibrated, and also the “ dead space ’’ 
along the capillary connection as far as the zero-point ; and the volumes 
of gas were corrected for the difference in temperature between that in 
the bulb and the small amount in the dead space. 

The bulb was initially filled with pure, dry nitrous oxide and packed 
with melting ice ; the mercury was then adjusted to the zero-point, the 
pressure of the gas read (to witliin 0*02 mm.) and I’educed to the value 
at 0*^ C. The globe was next dried and the nitrous oxide decomposed by 
heating the iron spiral to whiteness : to prevent permanent deformation 
of the bulb, the spiral was repeatedly heated to an exceedingly high 
temperature, but only for a few seconds at a time, the apparatus being 
allowed to cool considerably between successive heatings. Each ex- 
periment was continued till further heating had no influence on the final 
volume. Finally, the bulb was allowed to cool, packed around with 
melting ice, and the pressure of the residual gas observed after adjusting 
the mercury to zero once more. 

The volumetric analysis of ammonia was indirect ; the relative 
volumes of nitrogen and hydrogen which combine to form the gas being 
deduced from the densities and compressibilities of hydrogen, nitrogen, 
and the mixture of these gases that results from the decomposition of 
ammonia. The mixed gases were prepared by generating pure ammonia 
from ammonium chloride and quicklime, and passing it slowly through 
a cylindrical tube containing a platinum spiral heated to bright redness. 
The greater part of the ammonia decomposed ; the products passed 
through a U-tube containing glass beads moistened w^ith sulphuric 
acid to absorb unchanged ammonia, and were dried over phosphoric 
anhydride. The mixed gases were led into a volumeter, and the density 
measured as described later. 

Density Measurements. — Modern determinations of gas densities 
have been effected by two methods: (i) the ‘‘globe’" method, and 
(ii) the “ volumeter ” method. Each of these was employed by Guye, 
the former with nitric oxide, and the latter with ammonia, nitrous 
oxide, and the mixture of nitrogen and hydrogen obtained from ammonia. 

In each method the weight of pure, dry gas, which, at an observed 
temperature (always 0° C. for Guye’s measurements) and pressure 
(approximately atmospheric), occupies a known volume, is determined. 
The “globe ” method has been already outlined (p. 130, VoL I.) ; the 
“ volumeter ” method differs from it in that the measurements of 
pressure, volume, and temperature are effected in one apparatus, while 
the gas is weighed in another.^ 

(i) The “ globe ” method, first adapted to accurate work by 
Regnault,^ is comparatively simple to carry out, permits of several 
experiments being conducted simultaneously, and furnishes results 
little, if at all, inferior to those obtained by the volumeter method. It 
is not necessary to employ very large globes, the results obtained with 

^ For the “globe ” method, see Morley, he. cit. ; ZeitscJi. physikal. Cheiu., 1896, 20, 1 ; 
22, 2; Rayleigh, Proc. Roy. Soc., 1893, 53, 134; Leduc, Ann. CImn. Phys., 1898, [vii], 
15, 5 ; Gray, Trans. Chem. Soc., 1905, 87, 1601 ; Perman and Davies, Proc. Roy. 80 c., 1906, 
A78, 28 ; Baume, J. Ghim. phys., 1908, 6, 1. For the volumeter method, see Morley, loc. 
cit. ; Gray and Burt, Trans. Chem. Soc., 1909, 95, 1633 ; Perman and Davies, loc. cit. 

2 Regnault, Gompt. rend., 1845, 20, 975. 
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quite small globes being at least as concordant among themselves as those 
obtained with 8 to 10 litre globes. Lord Rayleigh’s accurate experi- 
ments were carried out with a globe the volume of which was about 
1*8 litres, while the density of nitric oxide was measured by Gray, using 
a globe of only 0*267 litre capacity. In their work on the denkty of 
nitric oxide Guye and Davila employed three globes of capacities (at 
O C.) 379*80, 385*01, and 817*65 c.c. respectively, calibrated by weighing 
them empty and then filled with water at 0° C. 

A small globe possesses the advantage that the correction necessary 
on account of its contraction when evacuated is proportionally less than 
that for a large globe. In fact, the only error that is augmented by 
employing a small globe is that due to ‘‘ adsorption ” of gas on the 
surface of the glass. 

To obtain accurate results, it is absolutely necessary to have the 
interior of the globe perfectly dry, and to ensure this, after first re- 
peatedly filling the globe with pure air dried by phosphoric anhydride, 
it is necessary to fill the globe repeatedly with the pure, dry gas and 
evacuate. Successive density determinations then give concordant results, 
provided care is taken to maintain the globe vacuous between the 
exiperiments. 

The contraction undergone by each globe when evacuated was 
directly measured by the method suggested by Travers ; ^ for this 
purpose the globe was supported in the interior of a large desiccator, its 
stem passing through one of the holes in a stopper in the desiccator 
lid. Through the other hole a calibrated vertical capillary tube was 
passed. The desiccator was filled with water and immersed in a con- 
stant temperature bath ; the contraction of the globe was obtained by 
observing how far the level of the water fell in the capillary tube when 
tbe globe was evacuated.^ 

The globes were always filled with nitric oxide at the temperature of 
melting ice and under a pressure slightly in excess of atmospheric ; the 
tap was opened to allow the pressure to fall to that of the atmosphere, 
and then closed again. The globe was then dried and weighed against 
its counterpoise. 

The calculation of the results, with all necessary corrections, is ex- 
|>lained on p. 130, Vol. I. No correction was applied for “ adsorption,” 
but allowance was made for the deviation of the gas from Boyle’s Law. 

(ii) The volumeter method renders it possible to deal with large 
quantities of gas, since the apparatus for measuring the volume need 
not be portable. The weight of the gas may be determined in two ways, 
either by disengaging the gas from an apparatus which only allows pure, 
dry gas to escape, and determining the loss in weight of the apparatus, 
or by removing the gas from the volumeter after its volume, temperature, 
a.nd pressure have been determined, absorbing it by suitable means, 
a.nd determining the increase in weight of the absorption apparatus and 
contents. The former method was used for the nitrogen-hydrogen 
mixture (p. 57) ; the latter for ammonia and nitrous oxide. 

The arrangement adopted by Guye and Pintza is shown in fig. 10. 
The globes A and B were calibrated by determining the weight of water 
stt 0° C. that filled them to the marks a and h. Their combined volumes 

^ Travers, The Experimental Study of Gases (Macmillan & Co., 1901), p. 119. 

2 Cf. Banme, J. Ghim, phys., 1908, 6, 16 ; this contains full details of the 

experimental methods used at Geneva. 
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amounted to 3502-63 c.c. The ‘‘ dead space ” extending from these 
marks to the tap L in one direction, and the zero-point n of the mercury 
manometer in the other, was separately determined, as also was the 
space between the taps H, I, and L. 

In conducting an experiment, the absorption tube C, containing 
cocoanut charcoal, was evacuated, weighed, and attached to the appa- 
ratus as shown. The apparatus, which had previously been rinsed out 
several times with pure, dry gas, was evacuated, and then slowly filled 
with gas until the pressure was about one atmosphere. The globes were 
surrounded by melting ice, and when the temperature of the gas had 
reached 0° C., the taps I and L were closed, the mercury adjusted to the 
mark n, and the initial pressure of the gas accurately observed. 



The space H I L was next evacuated, the tap I closed, and then, by 
suitably manipulating the taps H, L, and R, the gas was absorbed in the 
charcoal contained in the tube C ; this tube was cooled in a bath of 
ether and solid carbon dioxide. After most of the gas had been ab- 
sorbed, the taps H and L were closed, and the pressure of the residual 
gas in the globes determined. The gas contained between H, I, and L 
was pumped out and measured, and the absorption tube removed and 
reweighed. 

In calculating the results, the difference between the initial and final 
pressures was taken, and the densities deduced according to the method 
given on p. 130, Vol. I. ; the correction for elasticity of the glass is, 
however, unnecessary. Due allowance was made for the fact that the- 
temperature of the gas in the dead space was not 0° C., and the results 
were corrected for the known deviations of the gases from Boyle’s Law. 

Guye and Pintza considered that by still leaving an appreciable 
amount of gas in the volumeter at the end of an experiment, any 
“ adsorption ” effect was eliminated from their results ; but this con- 
clusion is erroneous (see p. 108, Vol. I.). 

Reference only can be made to the measurements of compressibilities 
and critical constants {vide su'pra). 
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Statement of Results . — Analytical Methods. — (i) Gravimetric 
analysis of nitrous oxide. In five experiments. 


5*6269 grams nitrous oxide yielded 2*0454 grams oxygen. 

Hence 


N^O : O : : 44*015 : 16, and N=14-008. 


Tile presence of a trace of air or oxides of carbon in the gas would lead 
to a slightly high value for the atomic weight of nitrogen. 

(ii) Gravimetric analysis of nitrogen peroxide. In seven experi- 
nuMits, 


10*3522 grams nitrogen peroxide yielded 7*1999 grams oxygen. 
Hence 

NO 2 : O 2 : : 46*010 : 82, and N = 14-010. 

A trace of oxygen dissolved in the nitrogen peroxide would cause the 
rt'snlt to be rather low. 

(iii) Gravimetric analysis of nitrosyl chloride. In five experiments, 
0*0067 gram nitrogen was obtained and 0*6931 gram oxygen. 
Hence 

N : O : : 14*006 : 16, and N = 14*006. 


(iv) Volumetric analysis of nitrous oxide. As the mean of four 
experiments, 

1 litre of nitrous oxide at N.T.P. yielded 1*00717 litres of nitrogen. 

ikit increase in volume of iron spiral, due to oxidation, amounts to 
0*30 c.c. ; hence corrected volume of nitrogen is 1*00687 litres. Also 

1 litre of nitrous oxide at N.T.P. weighs 1*9777 grams {vide infra) ; 

1 „ nitrogen „ „ 1*2507 „ (Rayleigh). 

Hence 

(N 2 O-N 2 ) : N 2 : : 10 : 28*042, and N = 14*021. 

(v) Volumetric analysis of ammonia. As the mean of three experi- 
ments, 

Weight of “ normal ” litre of mixed hydrogen and nitrogen 

=0*3799 gram. 

Assuming the data of other observers for the densities and compressi- 
biliticss of liydrogen and nitrogen, it follows from this result that the 
molecular volumes of these gases arc in the ratio of 1*00057 : 1 at N.T.P., 
and 

Hg : Ng : : 2*0152 : 28*030, whence N = 14*015 (11=1*0076). 

Ciuye and Pintza only attach a confirmatory significance to this result, 
and therefore the details of the calculation are omitted. 

rhy steal Method^s.—{ii) ilato.— The values obtained for the weight 
in grains of a normal litre of gas arc as follows : — 

Nllo . . • • 0*77079 (mean of 5) 

N 2 O . . . . 1-9777 ( „ 3) 

NO ... . 1-3402 ( „ 14) 
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The following are the values of AJ at 0° C. (see p. 132, Vol. I.) i : — 


NH3. 

N2O. 

NO. 


+0*01521 

+0*00742 

(Rayleigh) 

+0*00117 


The critical constants are 

as follows : — 




NH3. 

N 2 O. 

NO. 

Critical temp. (abs.). 

. 405*3° 

311*8° 

179*5° 

„ press, (atm.) 

. 109*6 

77*8 

71*2 


The values for nitrous oxide and nitric oxide are due to Villard ^ and 
Olszewski ^ respectively. 

(b) Calculation of Molecular Weights ; Atornic Weight of Nitrogen . — 
(i) By Limiting Densities. Assuming the values 1*4290 and +0*00097' 
respectively for the normal density and the coefficient AJ for oxygen, 
and applying the formula (3) deduced on p. 132, Vol. I., we have : 



L. , 

l-A'J. 

Molecular 

Weight. 

Atomic Weiglit 
of Nitrogen. 

NH3 . 

0*7708 

0*98479 

17*015 

13-992 

N3O . 

1*9777 

0*99258 

44*001 

14-001 

NO . 

1*3402 

0*99883 

30*006 

14-006 

O3. . . 

1*4290 

0*99903 

32*000 

(standard) 



(ii) From Critical Constants. Applying the formulae of p. 134, 
Vol. I., to the data already given, the following results are obtained : — 



L. 

10 -*a. 

10 -' 6 . 

m — 

10 “®ao. 

10 -= 6 „. 

Molecular 

Weight. 

Atomic Weight 
of Nitrogen. 

NH 3 . 

0*7708 

859 

170 

1554 

146 

17*036 

14-013 

N 3 O . 

1*9777 

719 

185 

878 

156 

44*008 

14-004 

NO . 

1*3402 

257 

115 



30*009 

14-009 


Summary of Results. — The various results obtained by Guye and 
his collaborators for the atomic weight of nitrogen are given in the 
following table : — 


Analytical. 

Physical. 

Gravimetric Analysis. 

Volumetric Analysis. 

Density Limits. 

Critical Constants. 

N 20;0 

NO3 : O3 

N;0 
(in NOCl) 

14*008 

14*010 

14*006 

N 3 O : N, 
N : 3H" 
(indirect) 

14*021 

14*015 

NH3 

N2O 

NO 

13*992 

14*001 

14*006 

NHg 

N3O 

NO 

14*013 

14*004 

14*009 


^ A'J ia the symbol for the second gas in Vol I. ho. ciL, and AJ for the standard gas 
oxygen. 

2 Villard, Gompt. rend., 1894, ii8, 1096. ^ Olszewski, Phil. Mag., 1895, [v], 39, 188. 
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The mean of tiu' thret* jifraviinetric values is N -I f-OOH, much the 
best s<*ries being umloubtt‘(ily that relating to tiie analysis of nitrogen 
peroxide ; in each case the <lctermination was a diri'ct one. 

The results of the volumetric analysis conhrm the gravimetric value ; 
the vahu' obtained from tlu‘ analysis of nitrous oxide depends, however, 
on the (Umsitic's of nitrous oxide and nitrogen as well as on the volumetric 
ratio nu'asured, whik' tlu‘ muHudainty concerning tlie value dedu(‘ed froiti 
the analysis of ammonia has betui alrt'ady nuud ioned. 

Turning to lh<‘ pliysical n*stilts, it is s(*(‘n that the m(‘an vaha^ deduced 
by the method of critical constants is K 1 t*()OU, in close agreement with 
the gravimetric vahu‘. It should Ik‘ renuunlHuaal, however, tfuit this 
method of calculation is e!npiri(‘al, although it 3'it‘Ids good results for a 
number of othi‘r abmiic W(‘ights (s<*e p. 135, VoL 1.). 

Th(‘ rt\sults ob(aiiu‘d by the method (d’ Hunting densities are, in ilu' 
<'as(\s of ammonia and nitrous oxid(‘, distinctly low(‘r than the gravi- 
metric valms Tlu‘s<* two gases are readily H({ueru*d, and with such 
gases tlie molecular weights obtained by this nudhod are usually ratlu'r 
low, prol)abIy owing to AJ bt‘ing overestimatc‘d. The method of (‘xtra- 
polating for A/,, adopted by Jacjuerod and S(»h<‘uer for anuuonia, is op<‘n 
to criti(‘ism ; while Rayleigh's vahie for AJ for nitrous oxide is almost 
certainly too larg(\ since it is obtained by a limxir extrapolation, Tlu^ 
value N bbOOtl furnislied by nitric oxid(‘ is, how(‘ver, in good agn^e- 
ment with th<* gravimetric value, as also is tlu‘ value deduced from the 
density and eompr(*ssibility of nitrog(‘n.* 

Th(‘ exp(‘nmcntid work <‘arri(*d out at (itmeva therefon* leads to th(‘ 
round(‘<l“off value N bt*01,^ 

A descriptiem of the work of R. W. (H-ay is now given as eonlinuing, 
in a rennarkabk^ muiuu*r, tin* vahu's obtaimsl by (hiyt*. (iray pn'feiTtsl 
nitric to nitrous oxi<le on a<‘eount of tlu^ close ap|)roximation with which 
the former gas (days tiu* gas laws at ordinary tcmpcraturc‘s, and also 
becatis(* nitric oxide contains nitrogtui and oxygtm in approximatidy 
ecjual weights, 

Preparaiion and PurijimiUm of Nitric (hide. (ir<*at | )recautions were 
taken to obtain nitric oxide free from nitrogen and nitrous oxid(‘. The 
gas was pH'parcd by I)(*vcat(*r's mt‘tho<i from potassium nitrite, potas- 
sium fcrrocyani(k\ and accdic acid. Nitrogen t(‘troxi<k‘ was r<*mov(*d 
by means of strong acjueous caustic* potash, aind tlu* gas was then 
passtal ovtT solid caustic* potash, and Hnally ovt‘r phosphorus pentoxide 
to rcauove wat<*r. 

An extiuisivc scries of fracti<mat ions was tlnai performed in order to 
remove eomp!c*U*ly tiitrous oxitk* and nitrogen. 'Flu* erude, dricnl nitrie 
oxide was li«|ueH(*d in a V(‘ssel surroimdecl by a vacamm vc\ssc*I, and a 
fresh supply <d‘gas butdded t hrough tlu* licjuid and (’<mdeus<*d in a s(»eond 
vessel, which eommimieated with a similar third vesst*l, so that tin* gas 
which so}iditk*d in this last contaim^r had again passcnl through its own 
li(|nid in the sccoml vt*ssei. The nitri<*-oxi<l<* gas from the thin! vc*ssel 

* hclut , Ctfmpt, rt ud,. iHilH, 126 , lUSO, 1415, 

^ tar It full tliHcuHiiitiu i»f thf' tUaiiiiU* weight of uitro^uu, huu CJuyi\ /inii Sat, 

33 » t ; ^ Virw. .Vri/’M, HK) 5 . 92 , * 2 <U. 275 , 2 H 5 j 93 . 4 , 13 . 23 . 35 ; Griiy. Tmnn, 

('hrm. iSVif., UKN}, 89 , 1 174 ; «ud fur turtluu* fiUKlurn work <»u t»f uilragru, 

Hvi- (irity, Tr(in,n, (*hrm. Xor., HM) 5 , 87 , KHU ; Pcunmia itml /Ver. Hot/, X'ur.. IIK) 5 , 

A 78 , 2 H ; IlirhnrciH uiul l‘arlK‘H, ./, Amtr. <'hrm. HH) 7 . 29 , H 25 ; liir'luirdH, KoutiiUfr, 
and Ticck', ihid., UHHk 31 . ( 1 ; WiUirt/td, Compt, rvml,^ UH 2 , 154 , 115 . 

® (#ray. Tram, (Jhrm. UK) 5 , 87 , UKU. 
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was now largely freed from nitrous oxide, and was stored over water 
in a gas-holder. After passing the gas over solid caustic potash aiid 
phosphorus pentoxide, the gas was subjected to another series of frac- 
tionations, after which it was possible to demonstrate complete absence 
of nitrous oxide. 

The removal of the last traces of nitrogen was a matter of greater 
difficulty owing to the occlusion of nitrogen by the solid nitric oxide. 
Although most of the nitrogen could be removed by means of the 
Topler pump, removal of traces was only effected by subliming the solid 
gas under 170 mm. pressure, at which the boiling-point and melting- 
point of nitric oxide coincide. Finally, the solid nitric oxide was 
sublimed under a pressure of 50 mm., and the last traces of nitrogen 
removed through the Topler pump. 

Determination of the Density of Nitric Oxide. — The density of nitric 
oxide was determined relatively to that of oxygen by filling a glass bulb 
of about 300 c.c. capacity with the purified gas, after first exhausting 
the bulb by means of the Topler pump. The greatest precautions in 
weighing were taken. Thus, the sealed counterpoise bulb and that 
containing the gas were treated in an identical manner. The weights 
of nitric oxide and oxygen were then compared by filling the bulb with 
pure oxygen under similar conditions. 

The weight of a litre of nitric oxide was found to be 1*3402 grams, 
when Rayleigh’s figure was used for the weight of a litre of oxygen at 
N.T.P., lat. 45®, namely, 1*42905 grams. 

The exact molecular weight of nitric oxide was calculated {a) by 
using the results of Jaquerod and Scheuer ^ for the relative compres- 
sibilities of nitric oxide and oxygen, and found to be 30*004; {h) by 
reduction to 0® C, of the critical constants,^ and found to be 30*008. 

The physical value for the atomic weight of nitrogen was thus found : 

(i) Method of limiting densities . . 14*004 

(ii) Reduction of critical constants . 14*008 

Mean value . . 14*006 

The Gravimetric Analysis of Nitric Oxide. — ^For the purpose of very 
exact analysis, the nitric oxide W6ts subjected to a third fractionation 
and sublimation. The apparatus employed is illustrated in fig. 11. 
Into the neck of the combustion bulb A was fitted a carefully ground 
glass stopper B carrying two thick (2 mm. diam.) platinum electrodes 
EE. Fused to the stopper were a capillary tube and a stop-cock joined 
to a capillary ground glass joint D. Attached to the electrodes were 
leads of thick nickel wire supporting a small porcelain boat H. About 
75 cm. of fine platinum wire were evenly wound around the whole length 
of the boat and connected with the nickel leads. By this arrangement 
the boat and its contents could be raised to any desired temperature by 
passing an electric current through the electrodes EE. 

By means of a short length of capillary glass tubing, the bulb A 
was connected with the nitrogen absorption bffib M. The latter, which 
was filled with powdered cocoanut charcoal, was connected by means 
of a second ground capillary joint K with the rest of the apparatus. 
A stop-cock I) led to a tube connected on the one side with the Topler 

1 Jaquerod and Scheuer, BuU. Soc. chim., 1905, [ii], 33 - 44 , 44 . 

^ Guye, ibid., 1905, 33, i. 
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pump and on the other with the storage bulbs containing the nitric 
oxide. Ihe capacity of the bulb A was about 300 c.c., whilst that of 
M was about 100 c.c. 

In carrying out^ an experiment the gas was decomposed in the com- 
bustion bulb A. The nitrogen was completely absorbed in the bulb M, 


^Nitric 1 
Oxide 


3 To Pump 


Eio. 11. — Gray's apparatus for determining the composition of 
nitric oxide. 

which contained cocoa-nut charcoal, by putting A and 
M into communication after having exhausted the air 
from the capillary between the ground glass joints 
K and D. The bulb M was cooled in liquid air, and 
the weight of nitrogen obtained from a given weight 
of nitric oxide in A calculated. Similarly, the weight 
of oxygen taken up by the nickel from the nitric oxide 
could be obtained by weighing A for the third time. 
The atomic weight of nitrogen can now be calculated 
from any of the three ratios, NO : Og, Ng : O g, NO : Ng, 
and as a mean of twenty-two experiments Gray ob- 
tained the value 14*010. 


The density of the nitrogen resulting from the decomposition of 
nitric oxide was obtained by substituting a density bulb for M, and the 
mean of two experiments gave the value of 14*008 for the atomic weight 
of nitrogen. 

The final conclusion of Gray, obtained by giving each individual 
result an equal value, is that the atomic weight of nitrogen is 14*0085, 
which agrees excellently with the value of 14*0090 as the result of the 
contemporary work of Guye and his collaborators. 

Wourtzel ^ in 1912 calculated the ratio Ng : Og, determined from 
the weight of oxygen required to convert nitric oxide into nitrogen 
peroxide, and obtained 14*0068 as the average atomic weight of nitrogen 
from five concordant results. 


More recent determinations are in good agreement with the results of 
Guye and Gray, and the accepted value of 14*008 may be considered as 
correct to 2 or 3 in the fifth significant figure. Moles and Clavera ^ give 
14*008 from the density of nitrogen prepared by ignition of pure sodium 
azide, NaNg. Batuecas,^ from the densities and compressibilities of 
nitrous and nitric oxides, obtains the values 14*003 and 14*006. 


1 Wourtzel, Compt. rend., 1912, 154 , 115. 

2 Moles and Clavera, J. Ghim. phys., 1924, 21 , 10. 
^ Batuecas, ibid., 1925, 22 , 101. 
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AMMONIA, NH 3 . 

History. — The name ‘‘ ammonia ” is derived from “ sal armoniacum ” 
or ‘‘ sal ammoniacum,” terms used to designate the carbonate and 
chloride, which were articles of commerce from early ages, and were 
obtained from organic substances containing nitrogen, e,g. by heating 
camePs dung or, later, by heating together urine and common salt 
(Geber) (see this series, VoL II., Chap. VHI.). The terms were applied 
in the Middle Ages with a variable significance. By the eighteenth 
century the word “ sal ammoniac ” had become fixed in its present 
meaning. Ammonia in solution was first prepared by the distillation 
of animal refuse, such as horns and bones, and hence was called “ spirit 
of hartshorn.^'’ 

Ammonia gas was isolated and collected by Priestley in 1771 by 
heating sal ammoniac with lime and collecting over mercury. He 
termed the gas “ alkaline air.” The absorption of the gas in water 
had been previously shown by Stephen Hales in 1727, and the name 
ammonia was given to this solution by Bergmann in 1782. Priestley 
demonstrated the almost complete decomposition of “ alkaline air ” 
into ‘‘ inflammable air ” after the passing of electric sparks, and 
Berthollet in 1785 showed that the residual gas consisted of nitrogen 
and hydrogen. The composition of ammonia was determined by 
Austin in 1788, Davy in 1800, and Henry in 1809. The partial synthesis 
of ammonia by the spark discharge was effected by Deville in 1865 and 
by Donkin in 1873.^ It was also early shown that by long-continued 
sparking of a mixture of nitrogen and hydrogen over hydrochloric or 
sulphuric acid, a great part, and finally the whole, of the Ng+SHg can 
be absorbed as ammonium salt. 

Occurrence. — In small amounts ammonia is found in the air, in 
water, and in the earth. It is usually derived from the bacterial de- 
composition of animal and vegetable proteins (see p. 21 , Circulation of 
Nitrogen) : this is the source of the free ammonia and its salts, which 
are found in natural waters. The Stassfurt salt deposits contain 
ammonium salts, and the sulphate and chloride are found in some 
volcanic minerals. Ammonia is sometimes found in volcanic gases, 
and in the steam and water of hot springs ; here it has probably been 
derived from the hydrolysis of nitrides, e,g. in the Tuscan soflioni from 
boron nitride. The mineral struvite, MgNH 4 P 04 , is probably derived 
from the decay of organic matter. 

Source. — Ammonia, together with organic bases, is produced dur- 
ing the destructive distillation of nitrogenous organic matter. The 
ammonia obtained as a by-product in the distillation of coal for gas 
was formerly the only abundant source of this compound and its salts, 
and still furnishes a considerable proportion of the world’s production. 

1 Donkin, Proc. Boy. Soc., 1873, 21 , 281. 

62 


63 


AMMONIA, NII3. 

Ooal contains about 1 *0 to l'(> per cent, of nitro^fcn. Of this, about one- 
litth is usually r(*(‘ovi‘n‘(l as aiunionia. wSoinc is evolved as nitro^^en, 
sonK‘ as (‘vanides. and a part, usually IVoin 30 to (>5 p(‘r (*(‘nt., nanains in 
th(‘ eok(‘, p<‘rha[>s as nitride*. H<‘t\veen 1 and 2 \)vr e(‘nt. passes into 
the tar. 

The* yi(‘ld ot annnonia IVoni the distillation of coal is niueh inercaised 
by tlu‘ inj(‘(*tion of steaun. The Mond process for the production of 
pow(‘r <ifas inert‘as(‘s th(‘ amount of ammonia about thre(‘rold ; the 
\V(‘ijL(ht of ammonium sulphate* re'eova^reai may be* about 3 [H‘r eeait. of 
the wea^dvt of the <*oal ^^asitied.** - Ammonia may also be obtained by 
})assinf!: air amd aitomised wader throu<>^li pe^ad; ait aibout tOO'' C. The* 
^uisess art(*r s(*rubl)in‘;p must be paiss(‘d through lime* to absorb aie(*t,ie au‘id, 
jind tluai throujL,di sulphurie aieid to form the sulphadt*, in wlu(*h form 
ammoniai is usuadly sup[)li<‘d ais a fertiliser. 

The crude* aunmemia li<(uor, obtaine*el us a by-product in the mauu- 
faieture* eif vonl ^ms, contains 13 te) 35 ^^rams eif NIIjj per litre*, partly ais 
the* free* base*, partly ais ammeinium sadts, such ais (‘airbonate*, bi(*arbonad(‘, 
sulphide, thiosulphate*, sulphade*, ehleiriele*, cyanide*, anel t hioeyauude*. 
On dislillatiein with suiru*ie*nt milk of lime*, tlie* vvhe)le* eif the‘se ae*ids re- 
nuiin ceunbineel with the lime*, and the whole* of t he* ammonia is e)btaune*el 
in the* elistillate*. The* usual praetie-e*, howeve*r, is te) (*ause the* sadts of 
the voladile anel we*aik au*iels te) elisse)e‘iade* by h(‘ad, auul to iix ordy the* 
ne)n-vohdile* aind slvoujx aieids by the aehlitiein of lime* in the e*ale*uhdcd 
amount, wliieh is adiout ou(‘-thirel of thait re‘<|uir(*<l by t he* iirst method. 

Tlie* aunmoniau*al liepmr is run into the* teip eif a frau’tioiudin^ e*e)lumn 
or tower, and he‘ate‘el by e'ne‘lose‘el steaun e*oils to about (A, at. which 
temp(*rature‘ the* <‘arl)onade‘, sulphiele*, e‘te., airt* lari^ely disso(*iade*el, and 
the C’On and HjjS admost eomple*te‘ly eveilve'd, oe. tu the* e‘Xtent <d‘ HO pe‘r 
(*(*nt. auul iU) to 70 pe*r e(*nt. re*s|)e‘(*tive‘ly. The* (‘s<*aping pise*s are* washc'd 
witti sulplmrie aeiel in orde‘r te) ivtain trae*e*s e)f ammemia be*fe)re^ lK‘in|^ 
passe'd on for tre*aitment for the re*e‘e)very e)f <*yane)|)^eu anel sulphur 
compe)unds. 

The ammoida and steaun may be eonde*nse‘d in cold wader, i^iviu^^ a 
licpior with 15 te) 30 per (*eid. of Nil.,. The* ressidmd liepior from the 
le)we*r part of the* tow<*r, (*ontaining ammeinium sulphate*, e‘te., falls iid,o 
ai vTsscl containinii: milk of lime*, auul the* ammoida c*volv(*el is distille*d 
in a enirrent of ste*am. 

The reejuired amount eif nulk of lime may nlse) be* adele*d to tlie 
original liejuor, anel the* distillate purilieul by jiassing through a iveiifying 
towe*r containing a paste of lime and f(*rrie hydroxide*. 

The vapours of ammonia and steam freun any of tlu*se* [)ro<*e*sses are* 
more commonly absorbe*d in sulplmrie aeiel first 30 pe‘r cent., tlu‘n 
(K) per e‘ent. imd on evaporidiein yie*kl ai good graele of anmu)nium 
sid|)hide. 

The* we)rld s prodnelion of ammoniai e)htiune*d as a by-prodnet from 
coal gas and c*oke*“Oven gas is be*twe*e*n one and twe) million tons. The 
poor yii‘id of ammonia in coal gais e)r e*e)ke“Oveu elistillatiem witli l)y- 
produet re*e*ove‘ry can be* aee*ounte*d for (a) by the* nitroge*n which 
remains in the C’oke*, anel {If) by the loss of ammonia first ibrnu'd. While 
(a) is prove*el to be* ai true* eause by analysis, expe'rimentad evidence has 

* Month Kmjlmh 124 U) 

In e*okt*-ovt‘n (liKtilliition with hy iirotluct r«‘n«iv«*ry, frtiin 76 to IK) !h. of anunoihuni 
Bulphatt' |KT tt»n t>f <H»al oiin 1 m' obtiuiiftl if luninoiiia re*tntvory Im tht' prinfiritl ohjtH’i. 
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also been adduced in favour of (b) as an important cause. The re- 
actions which proceed between a porous coke, its ash, steam, and 
ammonia are somewhat complex. It is known that up to 9 per cent, of 
water added to the coal increases the yield. It may be effective in this 
respect by lowering the temperature, by diluting the ammonia and so 
decreasing its active mass, or by hydrating and so protecting the mole- 
cules. Above 9 per cent, of water decreases the yield. The catalytic 
decomposition of ammonia by the substances which will be present in 
a coke oven has been investigated by Foxwell,^ and the reader is referred 
to his paper for a complete account. The maximum amount is formed 
in the coke oven at about 800° to 900° C. 

It was shown by Ramsay and Young ^ that ammonia is completely 
destroyed when passed through an iron tube packed with porcelain. 

The equilibrium amounts of ammonia which can be formed from 
coke-oven gas of average composition may be calculated from the 
Haber equation, and are quite low, namely, 0-0034 per cent, at 800° C. 
The problem, therefore, is to destroy as little as possible of the ammonia 
produced by distillation at the optimum temperature. Although pure, 
dry ammonia begins to dissociate at 620° C., and the decomposition 
temperature is considerably lowered by the presence of organic matter 
or water, ^ yet since this dissociation is not instantaneous, but takes an 
appreciable time, sufficient undissociated ammonia will be left to give 
a fair yield even at the higher temperatures. The velocity constants 
for the decomposition in the presence of coke have been determined by 
Foxwell.^ The reaction is found to be bimolecular, and the constant 
“ A; ” derived from the equation 



is 0-00015 at 520° C., rising to 0-00215 at 755° C. and 0-0057 at 850° C. 
A much smaller constant is obtained with ammonia which is in contact 
with sihea brick alone, but a larger one if the brick is high in iron, some 
samples giving a constant about six times that found in the presence of 
coke (at 755° C.). Iron, originally present as oxide, powerfully catalyses 
the decomposition, as it does also the formation of ammonia (see p. 103) ; 
but iron added in the form of pyrites has not this effect, since it is con- 
verted into ferrous sulphide, and not iron, during the distillation. 

Preparation. — The method used by Priestley is the most con- 
venient. Either ammonium chloride or sulphate may be used. Thus : 

Ca0+2NH4Cl=CaCl2+2NH3+H20 ; 

Ca0+(NH4)2S04=CaS04-fNH3+H20. 

The gas may be dried by passing over quicklime, and is collected by 
downward displacement of air, or over mercury. 

In order to obtain a higher degree of purity the following procedure 
may be adopted. The gas, prepared as above, is first led over lime at 
a red heat, then absorbed in hydrochloric acid. The recrystalliscd 
ammonium chloride, now free from organic bases, is mixed with an 

2 ^oxwell, J. Soc, Chem. Ind., 1922 , 41, 114 T. 

The Carbonisation of Coaly Lewes (Benn, 1918 ). 

® Wolterek, Compt rend.y 1908 , 147, 460 . 
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excess ol jnire liine, ground in a mortar, placed in a distillation flask and 
covci’ccl with calcium. 1 The neck of the flask is sealed. When heated, 
it evolycs a steady stream of ammonia containing as impurities only 
air and water. Ihis is then led through a long tube containing an- 
hydrous barium oxide and potassium hydroxide, and finally over sodium 
wire to remove^ the last traces of water. The air and hydrogen are 
rcanoved by Iraetional distillation under diminished pressure and at a 
low tcanperature. 

Pure ammonia is also obtained by gently heating sodium ammine, 
an addition compound which is obtained when metallic sodium is dis- 
solv(‘d in litpiid ammonia and is left as a red mass when the ammonia 
(‘vaporatc^s. Another method is to drop water on calcium or magnesium 
nitride in a suitable a^yparatus. The organic bases which are present 
ill eomnu^rcial ammonium salts may be destroyed by heating with 
riilric a(‘,id or permanganate. The remaining salt is then heated with 
limc‘ as above. 

Among other reactions by which ammonia or its salts are produced 
are the following 

1 . Tlu^ rt'duction of compounds of nitrogen, such as nitrates or 
nitrit(‘s, with nasecait hydrogen, produced, for example, from zinc and 
acid. 

2 . The acid hydrolysis of acid amides and other compounds con- 
taining the - -Nil 2 and -Nil—- groups respectively. 

Tlu' hydrolysis of the nitrides and cyanamides of metals, and of 
such ncm-mcd als as arc electro-positive to nitrogen.^ Thus ammonia is 
pn^parcnl in (piautity by the hydrolysis of calcium cyanamidc, which is 
lirsl wcdtcal, tr(‘at(‘d in large autoclaves with steam at 3 atmospheres to 
d(H‘omj)ost‘ any carlndc which may be present, and then hydrolysed with 
sic'am at 11 atmospheres and 180"^ C. Thus: 

CN.NCa-f3H20=CaC03-f2NH3. 

4. Dircjct coml)ination of nitrogen and hydrogen (see p. 95 seq.). 

5. l)t‘Composition of many organic compounds containing nitrogen 
in tlu‘ pres(‘n(H‘ of concentrated sulphuric acid, and the other substances 
sp<*cili(*d in tlu^ Kjeldahl analysis for combined nitrogen. 

Physical Properties —iJm, 9 %. — The earlier determinations gave 
rathc^r low results. A more exact value, 0*5967 (air=l), found by Biot 
and Arago, was afterwards corrected to 0*5971.3' 4 weight of 1 litre 
of air at N.T.P. varies between 1*2927 and 1*2933 grams (sec this series, 
Vol. VIL, Part 1.). The corresponding mean weight of a “normal 
litre ” of ainmonia is ()*77()8 grams. Since the density of air relatively 
to hydrogen is 14*44, that of ammonia is 8*624, and the calculated 
molar weight is 17-4 which is greater than the true molar 

weiglit, 17*032, on account of the low value of the product jpv for ammonia 
at N.T.P. As in the case of other easily condensible gases, the com- 
pressibility at ordinary temperatures and moderate pressures is greater 
than that which corresponds to Boyle’s Law. The product jpv increases 

^ M(m(‘r ami Herznor, Monatsh.f 1923, 44 , 115. 

^ A v(iry pun^ producjt, containing only a trace of hydrogen as impurity, is obtained 
by allowing tlie nitridtm of calcium or magnesium to drop into water (Moser and Herzner, 
Momitnk, 1923, 44 , 115). 

^ I^t'diK^, (U>mpL rrnd.f 1897, 125 , 571. 

'* (iuyc and Pintza, ibid., 1908, 141 , 51. 

voi.. vr. : r. 
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with diminution of pressure; if that at atmosphere is taken as 1 

(at 10° C.), at a atmosphere it becomes 1*00632,1’ ^ 

Hence the value of a, as given by the equation 

Po'^'oiP-Poy 

is 0*01264 1 or 0*01257.2 

The coefficients ‘‘< 2 ” and of van der Waal’s equation, which 
express the deviation from the gas laws in terms of a coefficient of 
molecular attraction and of the volume occupied by the molecules 
respectively, are 13,800 and 2*11 (see this series, Vol. I.). 

Thermal Expansion. — The coefficients of expansion “a’’ are as 
follows over the temperature intervals specified : — ^ 

f C. = --20 to 0 0 to +50 0 to +100 

a= 0*003914 0*003854 0*003847 

SPECIFIC HEATS OF AMMONIA. 



Molar Heat at Constant 


Temperature, 

^C. 

Pressure, C^, or at 
Constant Volume, 

Authority. 

0 

100 

200 

C„= 8-9 
€„= 9-59J 

Wiedemann, Pogg. Annalen, 1895, 

157, 1. 

15 

C„= 8-74 

Partington and Shilling, The 



Specific Heats of Gases (Benn, 
1924). 

18 

C„= 6-64 

Voller, Diss. Berlin, 1908. 

1127 

C„=ll-82\ 

Budde, Zeitsch. anorg. Chem., 1912, 

1927 

C„=21-42 / 

78, 159. 


The ratio of the specific heats has been determined at various 
temperatures with the following results : — 


RATIO OF SPECIFIC HEATS, ^ or y. 


Temperature, ° C, 

Value of y. 

Authority. 

0 to 100 

1-26 to 1-32^ 

Wullner, Wied, Ann,, 1885, 24, 454. 
Muller, Ber., 1883, 16, 214. 

14*5 

l 

1*30 

Muller, ibid., 1885, 18, 94. 
Partington and Cant, Phil Mag., 

20 

1-30 

1922, [6], 43, 369. 

Schweckert, Ann. Physik, 1914, 

20 (1 atm.) 

1*30 

[4], 45, 913. 

Scholer, ibid. 

20 (3J atm.) 

1-41 

Scholer, ibid. 


^ Rayleigh, Phil. Trans., 1905, 204, 351. 

2 Jaquerod and Scheuer, Go^npt. rend,, 1905, 140, 1384. 
^ Perman, Proc. Boy. Soc., 1906, 78, [A], 28. 
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The change of specific heat with temperature has been the subject of 
much investigation in connection with the nitrogen-hydrogen synthesis. 
As is usual with polyatomic gases the increase is rapid, and is expressed 
by an equation of the form 


— ci hTH -|- cX^. 


The following equations have been suggested : — 


Cj. =7-928 -I-OOO86IT — 0-05590T2-1-0-0872T® 
C„=8-045-l-0-0007T-fO-055lT2 . 

C„ =7-561 -f0-00373T -1-0-05144T2 . 

Cj, =8-686 -f0-00452<-f-0-05l44i2 . 

C«=6-650-h0-00465f-f-0-05l35«2 . 


(1)^ 

(2)^ 

(8)3 

( 4 ) 

( 5 ) 


Equations (3), (4), and (5) are deduced from the most probable value 
of Cj, at 15°, and from the value of SC„(3H24-|N,-NH3), which, when 
introduced into the Kirchhoff equation, ' 


and 


dQj, 

dt 




=Q/RT^ (integrated forms), 


satisfies the experimental values of and Kj,. 

The viscosities rj of ammonia and air are given in C.G.S. units, those 
in brackets being calculated with the aid of Sutherland’s constant, 
which for air is 117 and for ammonia is 870. 


VISCOSITIES OF AMMONIA AND OF AIR. 


Temperature, ° C. 

X 10^ Air. 

rj X 10* Ammonia. 

Authority. 

0 

1*724 

(0-943) ■) 

Rankine and Smith, Phil. 

15 

1*799 


Mag., 1921, [vi], 42, 

100 

2*191 

1-303 J 

601. 


From these results it may be deduced that the collision area, namely, 
47rr^ of the ammonia molecule is 0*64 X 10""^^ (cm.)^ and the diameter of 
the molecule is 1*4 X 10“® cm. 

Refractivity. — The refractive index, no, for the sodium line is 
1*000373 according to Lorenz,^ and 1*000379 according to Mascart.^ 
Values have also been obtained at different wave-lengths A as follows : — 

Wave-length, A, (m/x) = 436 546 656 480 546 671 

Refractivity as (n — 1) 10® = 396® 387® 382® 883® 379® 374® 

The spectrum of ammonia consists of a bright central maximum at 
A==336ja/x, a secondary maximum at 337*1, and a number of lines 

1 Nernst, Zeitsch, Elektrochem., 1910, i6, 96. - Haber, ibid., 1914, 20, 597. 

Shilling, Trans. Faraday Soc,, 1926, 22, 396. 

Bruhl, Zeitsch. physikal. Chem., 1891, 7, 25. 

® Lorea and Patkowski, KraJc. Anz., 1913, p. 494. 

® C. and M. Cuthbertson, Phil. Trans., 1913, 213, 1, 
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arranged in groups of three, which extend to a considerable distance in 
either direction. The spectrum is practically identical with the P group 
of the solar spectrum ; hence the presence of ammonia in the absorbing 
atmosphere of the sun is definitely established.^ 

Chemical Reactions. — ^Ammonia is not oxidised by atmospheric 
oxygen or mild oxidising agents at ordinary temperatures, and even 
when ignited in air, the heat of combination is not sufficient to maintain 
a flame. ^ It will, however, burn vigorously in oxygen with a greenish 
yellow flame, forming water and nitrogen. A slow combustion is 
effected by passing sparks through a mixture of ammonia and air.^ In 
this connection it is to be noted that ammonia itself is almost com- 
pletely decomposed by the passage of electric sparks (see p. 62). It is 
also completely decomposed by ultra-violet light. When the gas, sealed 
into quartz tubes, is exposed to this light for six hours, the decomposition 
is so complete that no undecomposed gas can be detected by Nessler’s 
reagent (see p. 94).^ 

Oxidation proceeds at a much lower temperature in the presence of 
catalysts, and may then take a different course, leading to the formation 
of oxides of nitrogen, nitrous and nitric acids, and their ammonium salts. 
Among such catalysts are nickel, iron, copper, also manganates and 
permanganates.®’® The most effective and useful catalyst is platinum ; 
the finely divided metal accelerates the oxidation to water and nitrogen, 
while the smooth or compact metal leads to the oxides.'^* This 

reaction has been studied from the point of view of technical applica- 
tions.^^ The first product of the reaction is probably nitric oxide, which 
is converted into the peroxide and then by water into the acids. 

The “ preferential ” combustion of the hydrogen in ammonia when a 
deficiency of oxygen is used may be represented by the equation : * 

4NH 3 30 2 = 2N 2 6H 2 O, 

which represents only the end-products. But the mechanism is con- 
siderably more complex, as is shown by the fact that free hydrogen is 
commonly found when there is a deficiency of oxygen, and oxides of 
nitrogen when there is an excess. 

In the combustion of the theoretical quantities given above, 59 per 
cent, of nitrogen and 41 per cent, of hydrogen are found in the gaseous 
products.^^ This is accounted for by the intermediate formation of 
di-imide or hydrazine. Thus : 

2NH3+02=N2H2+2H20 ; 

4NH3+02=2N2H4+2H20. 

The results of the explosion of ammonia with electrolytic gas are some- 
what similar. When the ratio of the gas to ammonia is higher than 3, 

1 Fowler and Gregory, Proc, Roy. Soc., 1918, 94 , [A], 470. 

2 Hofmann, Annahn, 1860, 115 , 283. ® Observed by Henry, 1825. 

^ CJoelm and Pringent, Zeitsch. EleUrochem., 1914, 20 , 275. 

s du Motay, Her., 1871, 4 , 891. e Schwarz, Dingl. poly. J., 1875, 218. 

7 Dobereiner, Annalen, 1832, i, 29. « Kuhlmann, ibid., 1839, 29 , 281. 

* Schonbein, J. praJd. Ghem., 1857, 70 , 129. 

10 Kraut, Annahn, 1865, 136 , 69. 11 Ostwald, English Patent, 698 (1902). 

12 Bayer & Co., English Patent, 18594 (1903). 

Schmidt and Boeker, Ber., 1906, 39 , 1366. 

MuUer, Zeitsch, 'physihal. Ghem. Unterr., 1913, p. 169. 
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the aiumoiiia is (* ** ()ni|)l(‘U‘ly (Iceoiuposed. When the ratio ol' amuiouia 
to the ^^as is lower lhau 1 * 0 , oxides ot iiitrogeo are formed.^ 

(Jas(‘ous ainiuoniu is (yxidised to water and nitroo*eu by riiauy oxides, 
as, for (‘xainpli*, by eoppia* oxides Chlorine monoxide and iodine pent- 
oxide oxidistmt with st'paration of the halo^*en, selenium dioxide with 
separation of si‘h‘nium.“ Ammonia is also oxidised by oxides ol* 
nit ro^a‘n : wluai th<‘ <^as(‘s are sparked or heated together, tlxe hydrogen 
is oxidis(‘d and nitrog<*n is s<‘paral,ed. The reaction in the case of 
nilrogxii dioxith' is \ ioh‘nt (‘Vtai at lower tem|)t‘ratures.‘* 

In a(jU(‘ous sohilion, aimnonia is oxidised at the anode during the 
(‘h‘('t rolysis oi' its sails, also by powerful oxidising agcaits such as chlorine, 
l)romim% <r/one, hvdrogt^n peroxide, eliromates, and |)(‘rmauganates. 
Tlu‘ main prculuet of oxidation is usually nitrogen. Under special eon- 
dili(ms, and part icularly in tlie presence ol' catalysts, nitriU's or nitraU^s 
may b(‘ Ibrnu'd. This is tlu‘ <*as<\ for example, during electrolytic 
oxidation in tin* j)n‘sene<‘ of eu|)ric. oxide and alkali,'^' or during oxidation 
by atmospheric oxygt'U in llu‘ pr(‘sen('e of cupric oxide, also of metallic 
eop})(‘r, iron, or '/.ine,^'* or of hydrogem peroxide,*^' or of moist ozone : 

I 70 , j Ndl,NH), 1 NlbjNC), 1 70 ,^^ 


The mon‘ eh‘etro-n('gativ(‘ non-mx'tals, chlorine, bromine, and 
sulphur, readily combine with the hydrogcai ol* anuiionia. Thus 
eliloriiu* oxidisi's ammonia to fr(‘e nitrogtm and ainmonium chloride. 

In llu* wt‘lbkn<nvn lecture* (‘Xpt'rinumt by whie^h the composition o! 
ammonia is (hunonst rated, an (‘xeess of the lattca* is added to a measurcxl 
volume of chlorine, and one-third of this volume of nitrogen is formed. 
Thus ; 


followt'd by 


2 Nn,, inci. NislOlICl, 
cdK1 I dNII,^ 6Nlbi(!l. 


This n*aetion prtihably prtu^etals through the inUu’uu'diaUi formation 
of NCbj. Sin(‘e the n^aetion takes ptacx* wlum botli ga,s(‘s arct anhydrous, 
tlu* m‘xt. sti*p is not necH'ssarily the* hydrolysis of this (‘ompoimd, but 
ratlH*r consists in the int<‘rinedial(* production of NCl.i.IICd, which then 
reacts witli hydrochloric ac’id, losing ehloriiux^* Thus : 

‘iNIb, I :K' 1 .> rdU'l I N.>; 
gNH; ! 9 Ci; (SNC’l, I 1811 C 1 ; 

JiNCbj.lU'fl hllCl :jNH /’1 I iK’l.A-'^ 


* t^iirihigiun luul Tmtun. ('htni, *SW., IU24, 125 * 2018. 

" IHttr, Hull. Hut', rhiin.t tH7U, [2|, 13 * *^ 1 ). 

lirHHu intU lUtMwa, Htnuiit, mid,^ HHHl, 142, (ili.'t 
^ TrimlHs and llih/,. Hrr., i!MH, 37 . :md ; 38 , H 2 H. 

Mulh r ami ihid., UMJa. 38 , 718, UHH. 

« hi»w, J. pmkL IH7H, [2|, iS, 298. 

KclHUilnna, Hn\ Akwi. fhr., 1830, p. 380. 

« Hup|K<uS*vlrr. Ht>\, 1883. 16 . 1917. 

» UVith luid /3iW„ lH7h 7 . 

*** IlofijjfUUi, Anutilt'ii^ lH(Ht 

** Noyi'B am! Haw, ./. Auwr. ('hvm, 1920, 42 , 2107 ; Noyns, Ibtd.^ 1920, 42 , 217.3. 
Ao'imliia? If» thr I'ltainai ih<‘unf.s uf vuh'iH^y, N(9;i in a (‘ovaltmi r.ouipoimd, tlu^ 
thrtH* rhtirinrii tmitrd l»y ilupt'tH. <‘Ximtly jih Hu^ hydru^mm in ammonia; in Imili 

t;um|MmmlH iho Iona pair on ibr iiitro^nn atom in aviiilabla for fnrtlmr combination, giving 
in the prcjciii Xtda.Hc’l. Sc»n hIho p. 14, 
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Iodine in aqueous solution gives NH 3 .NI 3 (see p. 116). The vapour 
of phosphorus when passed with ammonia through a red-hot tube gives 
nitrogen and phosphine.^ Sulphur vapour gives nitrogen and ammonium 
sulphide. Carbon at a red heat yields ammonium cyanide. ^ Boron 
combines with the nitrogen to form the very stable nitride, BN. The 
metals gold, platinum, silver, and copper decompose ammonia into its 
elements. Iron forms a nitride in addition, as also do chromium and 
other metals (see p. 48). 

Replacement of Hydrogen, — Since ammonia is the hydride of a 
strongly electro-negative element, it might be supposed that at least 
one or perhaps two of the hydrogen atoms would exhibit an acidic 
character and be replaceable by metals. The resulting compounds, 
some of wliich are known, are called amides or imides respectively, and 
may be considered as salts when the metal is strongly electro-positive, 
although the same groups play a positive part in the amides and imides 
of non-metals, and of inorganic and organic acid radicals. 

The amides of the metals may be formed under the following 
conditions : — 

( 1 ) By passing ammonia over the metal heated to a suitable tem- 
perature. 

Thus, sodamide is prepared by passing a current of dry ammonia 
over sodium heated to between 300° and 400° C. in a nickel vessel : 

2 NH 3 + 2 Na= 2 NH 2 Na+H 2 . 

It is a white solid which melts at 155° C. and is hydrolysed by water, 
giving ammonia and sodium hydroxide. The amides of potassium, 
rubidium, and barium may be made by this method (see this series, 

Vol. II.). 

(2) By warming a solution of the metal in liquid ammonia. In these 
reactions an ammine, such as KNH3, Ca(NH 3 ) 4 , is first formed (see this 
series, Vol, X.). On warming, substitution of hydrogen takes place. 
In this manner the following amides have been prepared : NaNHg,^ 
LiNHg and Ca(NH 2 ) 2 ,^ KNHg.® 

(3) By the action of ammonia on the hydrides. The amides of the 
alkali metals and barium have been prepared in this manner.®’ ’ 

(4) Amides may also be prepared by double decomposition in liquid 
ammonia, notably silver amide, AgNHg.’’® Dry ammonia reacts with 
halides of many non-metals and their oxides (halanhydrides and halides 
of oxy -acids ) as it does with those of organic acid radicals, giving amides 
and ammonium chloride. On further heating, these amides may pass 
into imides and nitrides, or these changes may take place quickly with- 
out any possibility of isolation of the intermediate compounds.^ 

^ Bineau, Ann, Chim. Phys., 1838, [2], 67, 225. 

2 Kuhlmaim, Annalen, 1841, 38, 62; Langlois, ibid,, 1841, 38, 64; Weltzien, ibid., 
1864, 132, 224. 

® Joannis, Compt. rend,, 1891, 112, 392. ^ Moissan, ibid., 1898, 127, 685. 

® Franklin and Stafford, Amer, Ghem. J,, 1902, 28, 83. 

® Moissan, Oompt. rend., 1903, 136, 587. ’ Ruff and Geisel, Ber,, 1905, 39, 828. 

® Franklin, Zeitsch. anorg. Chem., 1905, 46, 1. 

® These compounds are usually described under Amides, etc., of the element in that 
volume of this series which deals with the appropriate group, e.g. Si(NH2)4 and Si(NH2)2 
in Vol. V. The amides, imides, and nitrides of phosphorus, arsenic, and antimony are 
described in Part II. of this volume. 
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Reavltotis Xiitli .ieids, *Viuin<>nia forms salts in sev^cral ways, viz. : 

(1) By (iin‘C‘t addition ot to a Iiydradd or oxy-acid.^ The 

fonnalion of salts !>y tins nudhiHl is best exenn)lilied by the halides. 
Thus : 

Nil, |.nX..-.NIl,X. 

T1 k‘ solid salts an* anhydrous ; tluy (‘an be sublimed with dissociation 
in tlu‘ vapour phase and na'ondanation durin<^f (*<>ndc‘nsation. Dibasic, 
acids in vkvvss ^'ivt* acid salts, sucli as NII.^nS(),^. Ilydro^aai {luoride 
lH‘hav(*s i!i tins respc'cl as a dibasic acid, and NH^F.HF is ibrmed by 
llu‘ extensive* hydrolysis of tlu* salt, NII.jF, on warming. Gaseous 
anunonia com!nn(\s with gasc'ous carl)on dioxide* to give ammonium 
(‘arbamait*, NH, C'C) ONHj. With hydroge*n sulphide, (‘rystats of 
(N1I,),S are obtained at anei of NHJIS at 0‘^ CJ^ Com- 

poiuuls ed' ammonia with w’e'ak acids arc conveniently preparcel by 
inte‘raction in organie* solv<‘nts. Thus, NH-^IhS has b(‘eu preparc'd in 
elry alcolud and (‘the*!*, and the* erystallinc ah^oholate, (NIl4)2S. 02115011, 
in alcedu)!.*^ 

(2) By the* m‘ut ralisation of aepu'enis ammonia with acuds, and 
sul>sc<[U(*nt evaporation and crystallisation of the salts. The major- 
ity e>f ammonium salts may be* pr(‘pare‘d in tliis manner in aepu'ous 
solution. 

(jj) By dotible deH-emiposit ion, with separation of n levss soluble 
salt from the restdliug salt-pair. Ammonium salts crystallises usu- 
ally in an anhydrous condition on (‘va,poration, atul are* more^ or 
It‘ss deeeunposeHl with loss td* ammonia, on long be)iling (se*c this se*ries, 
Vol. IL), 

The Decomponition of Ammonia. As has already be(*u mcn- 
lione‘d, the* de*ee»mposit ion of ammonia into its eleaue‘nts, like* its forina- 
lion from tlu'se*, is grt‘atly ae<*eh*rat(*d by the pr(‘S(‘nci* of solid surfa<*.(‘S. 
Incand(*sceui wires <d' various me*tals are f)articula.rly cff(*ctive^ in this 
resp('(*t, no eloubt on account of the* fact that tlu*ir surfaces adsorb 
hydrogen in an active*, probaldy an atomic, form. Tliis (((‘composition 
pr(‘se*nts some pednls ed’ inte*rcst in c(mn(‘c.tion with the* tlu‘ori(‘s of 
lie*tcroge*n<*tais, or gas-sedid, surfacn* reactions. On a, tungsten wire^ at 
85(1“ (‘. the reaction is unimedccular at ve‘ry low pre\ssun‘S — that is, it 
cemforms to the recpurements of the (‘(|uatie)u 



The active* mass ed* tlu* gas is that which is adsorbe*d on the surface, atul 
it may be* assnnu*d that as long as this is md. (umiplette'ly cov(‘red tli(5 
a(*tivc‘ an*a is proportiemnl to the* pressure*, i.e. to the (*onee‘ntration. 
At higher pressures 50 nun, or moret the* reaction is found to be^ of 
zc'fo order; in oilu’r words, it is indepeud(‘.nt of the pre'ssure in the gas 
phase* ; undt*r these eeauhtions the surhiee is sup[)osed to be (iompletely 
covered. 

^ Tht* itutei nut {«* jd>H<ilttte‘ly dry. S(*o dimnmmna on (Unwocsiaiion of 

N Ibd {this \'uL ll.J, 

Binran, Auh, ('him-, I Has, 67* 230 ; 183H, 68, 43B ; 1839, 70, 2(11. 

^ Trooiit, rrm!.^ IH79, 8S, 1297. 

* 'flninmn iiiid llitiing, 7 V««a*. (-hrm, *SV/<*., 1923, 123, IIHL 
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The decomposition of ammonia on a heated platinum wire at about 
1000'" C. proceeds with great velocity at first, then falls off rapidly as the 
hydrogen accumulates, and the reaction proceeds at a rate inversely 
proportional to its partial pressure. Thus : 

d(NH3) &[NH3] 

dt [HJ * 

This effect is not due to the active mass of the hydrogen in the homo- 
geneous gas phase, but is connected with the fact that hydrogen is 
strongly adsorbed even at low pressures on the surface, which soon 
becomes saturated, and thus prevents the ammonia molecules from 
coming into direct contact with the reactive surface except through a 
layer of this hydrogen.^ 


Liquid Ammonia. 

History and Physical Properties. — Ammonia was first liquefied 
by Faraday, who heated a compound of silver chloride and ammonia 
contained in one limb of a bent tube, the other limb being cooled in ice. 
Bunsen showed that it could be liquefied under atmospheric pressure in 
a good freezing mixture (ice and calcium chloride), and hence gave an 
estimate of its boiling-point, which has since been determined by many 
investigators. 

BOILING-POINT OF ANHYDROUS AMMONIA. 


Boiling-point, ° C. at 
Normal Pressure. 

Autliority. 

—33-46 

Gibbs, J. Amer. Chem. Soc., 1904, 27, 851. 

—33-2 

Brill, Drude^s Annalen^ 1906, 21, 170. 

—33-5 

Perman, Froc. Roy. Soc., 1906, 78A, 28. 

—33-5 

Baume and Perrot, Arch. Sci. phys. nat. Genhe, 


1911, 32, 62. 

—33-41 

McKelvy and Taylor, U.S. Bureau Standards, 


1923, 465. 


The melting-point of solid ammonia has been variously given as : 

— 78 - 2°,2 -77-7°,3 and -77-0° C.^ 

The specific heat of liquid ammonia has been determined with the 
following results : — 


1 Hinshelwood and Burk, Trans. Ghsm. iS'oc., 1925, 127, 1114, 1116. 
^ Baume and Perrot, loc. cit. (see Table). 

^ McKelvy and Taylor, he. cit. (see Table). 

* Brill, he. cit. (see Table). 




73 


AMMONiA, mii. 


SPECIFIC HEAT OF LIQUID AMMONIA, 


Jnti'rvnl, " 


SiH'citici HVat. 


Autiiority. 


0 t o j 40 

m to I 02 

0 to I 00 

188 to too 

M) 

0 

I 40 

0 to I 20 
I 20 to (50 
1 0(t 
50 
70 
00 
too 


0-88 to 0-80 
l-2287() 


1 0200 


0-50 


1-054A 
I *000 V 

M02 J 

1*152 

M72 

M08" 

1 *222 
1*207 I 
MOl 
l*508j 


Ludt‘(*kinf>^ and Starr, .tnwr. J. AV/., 
1800, 45, 200. 

V. Stroiul)e(*k, ,/. Franfd, In.sL, 1801, 
|>. 101 . 

Eli(‘au and Ennis, J. Frank!. Inst., 
1808, p. I i.5. 

I)<‘\var, Pr(H\ Raif. Soc., 1005, A76, 
075. 

Oshorac and van Dustai, J. .Inter, 
('/tent. Soe., 1018, 40, 1. 

Kt\y<*.s nrul Hahcovk, ./. . Inter. Fheni. 
Soe., 1017, 39, 152 t. 


Hal)(‘(K*k, Prae. .inter. Aettd.^ 1020, 

55, 520. 


A(H*ordin^ to Dirttaivi/ tlu* spvriliv hvats hrtwft*n 0‘’and 70 * i\ mv : 

r i\ 0 10 20 00 to 50 (to 70 

Spec. lu‘at.. M18 M 40 1*101 M81 1*200 1*225 l*2t7 l*2(i0 


DENSITIES OF LIQUID AMMONIA AND ITS 
SATURATED VAPOUR, 


'rtMUjM’ralun*, ‘ i\ 

I h'lmity 

da 

(raor»( 

4U 

(I'dHad 

30 

0*07 15 

20 

0*0593 

to 

O'OHU) 



'IVaijH’mtiuv, ” ( 
Ih'iwity ^ 

I >c* unity ^ 

0 

atiau 

1 10 
0*11207 
(M12IH 

f 20 

0 (UHi7 
O'tUOH 

( 10 
0o750 
0*579{} 

1 00 
(tfilOl 

O-.VlOH 

1 HO 
(taCMM 
0*5079 

i loo 

0-1522 

0*4020 


The* istdairiv vtdunios-nnd dtaisitirs <d’ liquid and vapour undvr a 
prvssurv equal to that of the vaptair have been determined i)y Dieteriei ^ 
and llerlhoud.'^ 


ISOBARIC specific; volumes of liquid ammonia 

AND ITS VAPOUR. 

(Dieteriei.) 



.. 

! l() 

i 211 

I :u» 

i 10 

1 50 

1 oo 

1 70 

1 HO 

! IHI 

1 100 


I uMlHa 

i«ai2 

to7o;> 

1*7227 

1*7719 

t*H250 

OHHTO 

1 ■9595 

2-0:OH) 

2*1525 


1 

1 

2iHt0 

1 IM'O 

tOK-fi 

H0*9 

02-:i 

4H'0 

:I7*H 

30’2 

24*4 

17*05 


^ Zritj-irh. HWi-jf, p. 1. ^ Liiiigr, JHIIH, 5» 

® Orrwrs, itinmrinietfi, HttuMurr, UHri. 

^ Ik'rthoud, iirlr. ('him. HUH, i, 8-1. 
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ISOBARIC DENSITIES OF LIQUID AMMONIA 
AND ITS VAPOUR. 

(Berthoud.) 


Temperature, ° C. = 

0 

-}-450 

78-7 

98-75 

109-2 

116-4 

121-3 

123-2 

125-4 

129-6 


0-6389 

-5696 

•5120 

•4640 

•4339 

-4056 

•3831 

•3750 

■3584 

-3246 

D = 

0-0034 

•0150 

•0322 

•0533 

•0691 

-0873 

•1024 

■1085 

•1220 

•1509 


The vapour pressures of liquid ammonia were first determined by 
Faraday, and afterwards by Bunsen, Pictet, and others, ^ but their results 
are now merely of historical interest. 

Tliese constants have been redetermined with great accuracy by 
methods which deserve mention, as they are widely used in similar 
cases. The apparatus is described in a paper by Cragoe, Meyers, and 
Taylor.2 A static method was employed. The pressures were read on 
mercury manometers, the whole being immersed in thermostats con- 
taining gasolene which could be regulated to 0*01° C. ; or better, at the 
lower temperatures by means of coils in which carbon dioxide was 
allowed to expand. It was shown that the presence of uncondcnsablc 
gases caused lag in the attainment of the equilibrium pressures. There- 
fore the greatest care was taken to purify the ammonia. A large 
quantity of synthetic ammonia was distilled twice, the middle portion 
of the second distillate was allowed to stand in contact witli metallic 
sodium for about a week, the liquid was shaken and hydrogen blown 
off.. After several distillations in a high-pressure apparatus, the iniddle 
fraction being retained each time, the ammonia was frozen several 
times in liquid air, all uncondensed gases were pumped off, and during 
the periods of liquefaction some vapour was allowed to escape. Finally 
a product was obtained which contained less than 1 in 1()(),()0() of un- 
condensable gases and less than 0-003 per cent, of water. The boiling- 
point of this ammonia by the static method was — 33-35 l<" C'. ; by the 
ordinary method, using a Beckmann thermometer, it was — 33-3‘il'^ C. 


VAPOUR PRESSURES OF LIQUID AMMONIA. 

(Cragoe, Meyers, and Taylor, 1920.) 


Temperature, ®C. = 

-78-0 

~64-0 

-510 

-48-0 

-44-0 

-40-0 

38-87 

-33-354 

Pressure (mm.) = 

44-0 

125-29 

289-43 

345-03 

432-98 

538-58 

571-77 

760-0 

f 0. = 

-30-0 

-25-0 

-20-0 

-15-0 

-10-0 

-5-() 

()•() 

5-0 

p (mm.) = 

897-2 

1137-4 

1427-0 

1772-8 

2181-6 

2661-5 

3220-8 

3867-9 

f C.- 

10-0 

16-0 

20-0 

25-0 

30-0 

40-0 

45-0 

50-0 

p (mm.) = 

a- 

p (mm.) = 

4612-1 

55-0 

17325-3 

5462-6 

60-0 

19606-0 

6428-2 

65-0 

22108-5 

7520-5 

70-0 

24836-8 

8750-9 

ll()61-4 

133G2-3 

15245-4 


These results and others can be expressed by the interj>olation 
formulas — 


^ Brill, he, at., p. 4; Regnault, Mim. Imst. France, 18()2, 26, r>9(). 
“ Cragoe, Meyers, and Taylor, J. Amer. Chem. Soc., 1920, 42, 200. 
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30-1-\5ChSIS ' ' -8**Jt508:^2.(.l()^rT I 2*:59a0<^ T 

1 2-9552 14X10"™'* . (1) 

1<>«10 ()-0I(i««().KJ T I ‘^••.to:W7() X 10"® 

-l-IG<H7()«XlO-» T» . (‘i) 

Tlussc and tlu- pnTc-diujiy <ljda ha.V(^ much value iu industry, siucc^ licjuid 
amuionia is fnajiuadly used as a relriiLiferant. It is a, eonvTuient workinn; 
suhstiuiec- lor reven'sed luait en^im-s, the latent heat of vaporisation 
and expansion Ihrou^di (‘oils bein;^^ absorbed by the* brine of eold-stora^a- 
rooms, etc*. The ^uis, wluai used eonnnc'reially, is dried with (|iii(*kliin(*, 
and is ke[)t in ^^asonu-ic-rs over petrolcaun oil ; it is usually (*otnprc‘sst‘d 
in two staK(‘s, lirst to 0 or I atnios[)h<*res; then to li(juc‘ry at about 
H atmosphert\s. 

Critical ( V///.s7r//d«sv The cTitieul teinp<*ralurc‘ is variously as 

180‘V 10 rV“ 1«92*0‘\‘^ and 102-9”^ C., the (*riti(*al density as ()*2002,-* thet 
(Titi(*al volume as 4'20k^ and the critical })rc‘ssurci as 115,' li;b“ and 
112*8'^ ulitiospheres rc*spc*ctiv(‘ly. 

Surface Tars'iou. cr. 

T(‘mp(*raturc% (k 1 MO 04'()5 58*98 

cr 20*^8 18*05 12*95 

JdsorptioN hi/ i'harcaal (sec* also this sc*ric*s, Vol. Vh). At ordinary 
t<*mpc*rat ures I jj^ram of c‘harc*oaI adsorbs nc*arly 200 c*.cx ot ammonia 
(178 e.c*., Kayser The* amount adsorbcsl at at inosplu'ric: prc-ssurci 
in(‘reusc*s with fall of tc-mperatitrc*. At (‘acdi tc*mpc‘rature thc^ volume 
V ” vnric's with the pivssure aec*ordin^^^ to the c-ciuation 

i 

V a 

in which a and u arc* esmstants. IMiis crejuation c'xpressc*s the* bc-haviour 
of ammonia from 20 ' to 1 200 ’ (’./* and is known as the* adsorption 
isothcTun The hcait cj! adsorption, 494 (als. pc-r |^n*am of ammonia., is 
nc‘arly twice as ^n*eat as the* lntc*nt lu*at ot c‘ond(*nsation to licpiidd* 

Latent Ileal. This is usually takc-n as 5*000 (’als. per mol. This 
is Iii||her than the* value* obtainc*d by the diffc-rc-Jitiation of e(|uation (1) 
al)ove, which givc*s 8*950 Cals. 

Molecular Complexity, The boilini^-point of ammonia, c-onsidercjd 
as the* lirst membcT the seric's NIIj^, PITj, tdc., is abnormally hi^di, 
just as that of OHji is high in relation to tliose of SIL^, cdc. This as 
w(*ll as edher pc*e!diarities in the prop(*rlic‘s of liejuid ammonia (see also 
p. 70), which it sluirc’s witli water, arc in both eases attributed to assoei- 
aticaii of tiie licfuids. 

The value* of the l)c*spretz-Voung-Troulon ratio, namc-ly, the latent 
heat of vaporisation dividcal by normal boiling*point on the absolute 

» lltnviu*, tiiii. Mttij., IHH4. (5), i8, 210. 

'• Mfun n! imtl C’lm|>au»H, ./. t^hf/^cpiv, IHHfk | 2 l 5 , 58. 

JH/tlr, Ctnm, 1918, i, HI, 

^ Kityw'r, Ited. AnmtUio 1881, la, 520. 

tiirljiirOsoa, J. ('htm, iS'm*., 1017, [A Uj, 5211 
« Fjivsv, Artn. Chim. Phy^., 1874, (5). I, 200. 

^ (JiirdciMO aiui UiltAV. Phm.^ 1012. 10 . 510. 
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scale, may be calculated from the equations of Cragoe, Meyers, and 
Taylor. It is 19-7. This is not far from the normal value, 20 to 22. 
It has been shown by Nernst ^ that this constant is really a function of 
the temperature, and that in the case of many gases 

§-=9-5 log Ts -0 007 T,. 

Thus, at a boiling-point of 239*65, the normal constant will be 21. A 
slight degree of association is thus indicated. 

The temperature coefficients of molar surface energy are 1*80 and 
1*79 {vide supra). The corresponding value for a normal liquid being 
2*12, the coefficient of association is 1*27. 

The critical density, 0*2362, is 4*211 times the theoretical density, 
as deduced by a strict application of the gas laws to the critical con- 
ditions. The ratio in the case of normal liquids is about 3*6. 

General Properties and Comparison with Water. — com- 
parison between liquid ammonia and water in respect of physical pro- 
perties, and its action as a solvent, reveals many interesting similarities. 
These are summarised in the following table : — 

COMPARISON OF AMMONIA WITH WATER. 



NH,. 

H^O. 

Melting-point, ° C. 

—77 

0 

Boiling-point, ° C. . 

—38-5 

+ 100 

Density at 20° C. 

0*61 

0*9982 

T. 

273+131 abs. 

273+374 abs. 

Pc 

113 (atm.) 

218 (atm.) 

Molar elevation of B.P. 

3*4 

5*2 

(100 grams) 

(lowest known) 


Heat of fusion 

1*838 Cals. 

1*440 Cals. 

Dielectric constant 

c. 21-23 

81*7 

Surface tension 

25 

28 

Viscosity 

2*6x10-3 \ 

10*6xl0“3\ 


(at its b.p.) f 

(at 18°) / 

Factor of association 

1*27 

3*0 


(from surface tension) 

(from surface tension) 

Refractive index 

1*33 

1*33 


It will be observed that the fluidity is much greater (about four times) 
than that of water, and the surface tension appreciably lower, both 
being measured at ordinary temperatures. The various physical data 
lead to the conclusion that ammonia, like water, is probably associated 
in the liquid state. Like other pure liquids, ammonia is capable of con- 
ducting the electric current : its conductivity, although very small, has 
a definite limit, below which it is not diminished by the highest possible 


1 Nernst, Experimental and Theoretical Applications of Thermodynamics to Ohemistru 
(Constable, 1907), Lecture X. 
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})urilieati()ii. As iii the case ot water, this is attributed to a very slipjht 
electrolytic dissociation : 

Nll^r^—ir-f Nil's and Nirs+n*=^NlI\. 

Tlie di<‘k‘ctri(‘, constant is lii^h, hut far inferior to that of water. 
The r(‘jVa(*li\-(‘ ind(‘x is nearly the same as that of wat,er. Ammonia 
also rcss(‘ml>Ies watcT in showin^^ some dee[) absor{)tion bands in the 
iidVa,-red b(‘tw(‘<ai tlu^ wave-lcn<^ths Ofi and 13/x. This is probably 
connect(‘d witli its hi]Lj:h ionising power as a solvent.^' ^ 

Solvent Properties. Liquid ammonia is one of the most com- 

prehensiv(‘ solviaits known. It dissolves t\oi\-metals, iodine, snlphnr, 
and phos|)honis, also many halides and s\il|)hides of tlie non-iru^tals 
which ar(‘ insoluble in wat(^r or are hydrolysed l)y it. The metals of 
th(‘ alkali(\s and alkaline earths are freely soluble, and the solutions arc 
good (‘onductors of el(‘ctri(‘ity (see below, }). 80). The solubility of 
potassium in 100 grams of licpiid ammonia is 48*75 at 0^’ C., that of 
so<lium 28-2 at O'", 24*5 at 80'', and 22*0 at 22*' At su(‘tiL high 
cou(‘(‘ntrations tlui ainmonia. j)r(‘ssur(‘s arc^ greatly reducuKl and may 
lie far below om^ aimosph(‘n‘ at ordinary temperature's. In the case of 
lithium two lie[uid [)ha,s(‘s are' forme'd, having an ammonia prc'ssure 
of 540 mm. The saturat('d solution, having an ammonia prc'ssure of 
8*(n mm., contains 11 *4 grams of lithium in 100 grains of ammonia.^ 
Ammonia, dissolve's many ty{)i(*al aepu'ous ele'crtrolyte's, stiedi as salts. 
The' following are insoluble: oxide's, liydroxiek'S, anel sulphiele's e>f thc^ 
nu'tals ,* alse> lluoriele's, suli)ha.t<'s, sulphites, plu>sphates, arse'uates, em- 
l)onate‘s, and eixalate'S. The' seilubilitie's e>f eythe'r salts, e'SiK‘(‘in,lIy of 
ammeinium salts, is e>nen high. That e)f amme)nium nitrate', which is 
zere) at - 80'' (t, incre'ase's rapielly witii rise of temperature. 

rCtr. 80 -80 0 188*8 

(irains eif NH 4 N()., in 100 

grams of NTIjj ‘ . . - 0 224 201 808 

Dry ainmemium thioe'yaiiate^ ce>ole‘el by ieic absorlis 45 per (x*nt. by 
we'ight oi ammeinia, which, lie>wcver, cvolve's it again on lu'ating.^^' 
Suc'h solutie)ns have be'e'U use'd in small rc frige 'rate)rs, weirking se)mewhat 
on the princijile* e>f the* C-arre' fre'cring machine' (see' this se'rie's, Ved. V.). 

Salts e)f t ht^ follenving ae'id radieails usually dissolve; in liejuiel ammejuia, 
mmu'Iy, nitrates, ieielide's, bromiele'S anel clilen'iele's, e*ya-niele*s and tliie)- 
e*yanate‘s. Dtlu'r seiluble' subslane*e‘s are amiele's, sue'h as KNII^, 
nem-e'k‘ctrolyte‘s such as Hg((’N) 2 , and varieius ('e>mplcxe's such as 
K 2 Hg{('N) 4 , whieti often have' the same eHunpe^sitiewi as the e:orr<'spe>nel» 
ing ceunplcK salts which arc lorme'el in water.’’ Many e)rganic e‘e)m|)e)uuels 
will dissedve', among whie*h may he mcntie>ne‘d amieks, nitro <H>m- 
potmds, the free alkyl ammonium bases, their hydroxide's, and salts 
(p. HO). 

Ammonia has been used us a solvent in the; determination of molar 

‘ Pawlu'a, Wml. Annalm, 1894, 52. 209. 

Ahm-y and tVating, I*hiL Mmj,, IHH2, X72, 887, 

** liitT ati<l e5<tH('l, lUr.y HMHl, 39, 828. 

* KraUH and .kOitwiiai, ./, d//WT. (Jhvm. »Vor., 1925, 47, 725. 

KuriloiT, ZrUnrh. phijalkal. Ohem,^ 1898, 25. 109. 

® and Brinklny, •/. Amrr, (^hvm. Hoc,^ 1921, 43 , 1 1 78. 

’ t'ranklin, Zntsch. phpmkid. UM)9, 69, 272. 



78 


NITROGEN. 


weights. The molar elevation of the boiling-point (100 grams solvent), 
calculated from the thermal constants, is 3 - 4 . This agrees with the 
experimental elevation in the case of some solutes, i.e. those whicli 
have a normal molar weight.^ As in the case of aqueous solutions, 
however, the molar weight found often differs from the formula weight. 
When the constant, or molar elevation of the boiling-point, calculated 
from the experimental elevation on the assumption of simple molecules, 
is higher than the theoretical constant, the solute is regarded as 
dissociated, as in the case of salts and some organic compounds, or else 
it is assumed to be associated with solvent molecules to give an ammine. 

The molar weight of the solute may also be determined from the 
lowering of the vapour pressure. The molar weight of sodium found 
thus decreases nearly as a linear function of the concentration and does 
not reach a definite limit. It is only possible to state ^ that the limit will 
be below 23 . 

The cryoscopic constant of ammonia, as experimentally determined, 
is about 14 , whereas the value calculated from the thermal constants 
is 9 * 4 .^ 

Reactions in Liquid Ammonia. — The ions which are present in 
these electrolytically conducting solutions react and give precipitates, 
etc., which are sometimes of an unusual kind and would be difficult to 
produce in any other solvent. Dissolved metals may interact to give 
alloys ; thus, in the case of sodium and lead, an alloy of composition 
represented by NaPb2.25 is precipitated. The lead is the negative 
constituent, as it is precipitated on the anode during electrolysis. 
Sodium and tellurium give insoluble NagTe and soluble NagTeg. Simple 
and complex amides and nitrides may be formed by double decom- 
position, d.g. : 

3Hgl2+6KNH2=Hg3N2+6KI+4NH3, 

AgNOa+KNHg^AlNHa-fKNOa, 

Pbl2+2KNH2=PbNH+2KI+NH3.4 

Aluminium iodide with potassamide gives first Al(NH2)3.All3, then 
Al(NH2)3.Al(NH2)2l-NH3. Cadmium thiocyanate, with the same re- 
agent, gives Cd(NH2)23 a white powder which acts violently on water 
and explodes when heated. Silver amide with potassamide gives 
crystals containing ammonia : 

AgNH2+KNH2=AgNHK.NH3.5 

Magnesium dissolves in a solution of ammonium chloride in liquid 
ammonia. Here the ammonium ion plays the part of the hydrion in 
acid aqueous solutions, and is displaced by the magnesium : 

Mg+ 2 NH 4 Cl=MgCl 2 +H 2 + 2 NH 3 . 

The strongly basic alkyl ammonium hydroxides displace the ammonia 
from its salts, as they do in aqueous solution : 

(CH3)4N0HH-NH4Cl=(CH3)4NCl+NH3-fH20.6 


^ Franklin and Kjans, Amer. Ohem. J,, 1898, 20, 820. 

2 Kraus, J, Amer, Ghem. Soc,, 1907, 29, 1557 ; 1908, 30, 1197 ; 1914, 36, 864 ; 1921, 
43» 749. 3 Reihlen and Nestle, Ber., 1926, 59, B1159. 

^ Franklin, J. Amer. Ohem. Soc., 1905, 27, 820. 

s Franklin, ibid., 1915, 37, 847. « Franklin, ibid., 1912, 34, 285. 
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Siu(*(‘ in amiiioiua the Nllo ^rou|> may he re^anied as taking the 
])laee of llu^ OI! in water, aeicl amides in ammonia eorrespond to 
(‘arhoxylic^ acids in water, and the fornuT liavt' tlua'efore been named 
“ ammono-a(‘ids " by Franklin.^ TIu‘y are dibasic* a(‘ids, ea,j)able of 
ionising in two slagcss into KFONIF l H* and RFON'" 1 211“. The 
ionisalion is in some* eases eonsidc*rabk‘, as shown by the (u)ndiietivities. 
Typical rcaietions of the* a.nnnono~a,eids arc : 

Mg 1 C1I,(X)NIL> CH,jC()NMg | IF>, 

(dl.jCONUo I ((Tl.j)iN()II Cn‘,C^()NII.N((dLj).i I n.>(), 

AgNiL> I 

In wal<a\ ac’id amidc's do not dissociate but add on I he* hydrion of 
acids, and thca’tddrc* bcduive as (weak) l>ases. The* amid(‘s of base's have 
bc‘('n c'alh'd by Fraidclin “ arnmono-hases.” These' will reiic't with 
ammono-aeids thus ; 

( H-jC ONH. } KNHa (dl.CONHK | 

or 

FH.,(’()NIF 1 IF 1 K* 1 NII'jj C\\,,Vi)mV | K' 1 Nil,. 

As in th<‘ ease* of the neailralisation of an acid by an alkali in 
waU*r, the' ionic* part of the* rc'aetion c'onsisls in the* formation of 
undissoc-iatc'd scdvc'id : 

IF I NIFo Nil,. 

Just as salts cd‘ wc'uk base's arc* hydrolyse*d })y the* substitution of OH 
for halogc’U, e*t(a, so thc‘v rnav be* ammoucdyse'cl by the* sidjstitutlon 
ofNH,: 

Ilgd, i NIF, I NIIVj HgNIhd t Nn,(d, 

Tlu* ajnido-ehlcu'ide is insoluble in uminouia us it is in water. 

Ammonolysis is, howevc*r, much h*ss (*omnion than hydrolysis. 
Most salts di.ssolvc'd give* el(*ar solutions in ammonia, while* ammonolysis 
wcadd give* |mH‘i}ntatc's, 

The* ammono-salts of the alkali mc'tals are* alsc^ obtainc'd by re*aetions 
in licpiid ammonia. Thus, dipotassium ammono-sodial c% Na(Nn, ),!<,, 
is prt‘pare*d by the action ot sodium on jxdassainidc*, both dissolve*d 
in ammemia, in the* pr<*se*nc*<* of platinum blaek.‘'^ *A 

Amide'S and nitride's of the* non-m<*tals are* ofte‘n fortnc'd by the* 
ammcaicdysis of Hh* (*h}oranh3alride*s and sidf)hide‘s iu licjuid anunonia: 

:nVCTt i Htxn, Te.,NVj | FiNIF^CT' 

B,S, i (m\\ B,(NU,), I IJNII,SII,‘» 

pvi \ ! 5Nn, P(Nii)(NU j 1 nmi,vv^ 

Si(l| 1 HNTF* Hi(Nnd4 I 

HiS,d -tNIi;- -Hi(NH;), t 2NH,SIL« 


* Knmkiita /tfW'n eVc'm. */., 1912, 47 , 2Hr». ^ this w'rk’K, V^il. tU. 

^ Fnaikliit, «/. Phjmml ( %rm„ 1919,23,20, * MK/.am ('tmpt, n ad,^ 1H97, 124 , 22 . 

StfH?k inal Pi»p{'^'*dM’rg, 1991, 34 , 299. 

® ♦l«»iuuii«, Cant Jit, nmi,, 1IM.)4, 139 , 294, 

^ b’ngfrki, Arntr. (dtrm. J., 1H99, 21 , 521. 

* Blix iiad WirlM'liiurr, Her,, 11K)2, 36 , 422(1. 
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Electrical Properties of Solutions in Ammonia. — The electrica 
conductivity of pure ammonia is very low, and in this case the difficulty 
of avoiding traces of water are very great. Hence the older value; 
of this constant are higher than the more recent, namely, OT x 10 ~ 
reciprocal ohms.^* ^ 

Besides the ions IT', NH* 4 , and NH'g, the anions NH" and N'" may 
possibly be present. Three inflections have been found on the curv( 
of anodic polarisation against current, which may correspond to th< 
discharge of these ions. In accordance with its character as a dissoci 
ating solvent, liquid ammonia has the relatively high dielectric constan 
of 21 to 23,^ which is inferior only to those of some alcohols and nitriles 
e.g. benzonitrile, 26-0, and to that of water, 81*45.^ In the case o 
ammonia, as in that of water, there are two types of solutions : those o 
salts which have a limiting conductivity at limiting dilution, but d< 
not give a dissociation constant, i.e, do not obey the dilution law ; am 
those of organic compounds of a polar type, which do not give a limiting 
equivalent conductivity but do obey the dilution law.^ As an exampb 
of the first class we may take KNO 3 . The equivalent conductivities, 
and degrees of dissociation, a, at —33° C. and various dilutions, V (litre 
per mol.), are as follows : — 

V= 324 1001 2514 6162 23060 69820 00 

A=192-7 245*0 282*7 309*9 330*1 338*6 339 = Ao 

a=0*567 0*720 0*831 0*912 0*972 0*995 1*00 

The equivalent conductivities are higher than in water at corre 
spending and at infinite dilutions, but the degrees of dissociation a 
corresponding dilutions are lower. The following equivalent con 
ductivities are additively made up of a term due to each ion : — 


Salt. KNO3. KBr. NaNOj. NaBr. NH4NO8. NH4Br. LiNO^, AgNO^. 

Ao= 339 340 301 302 302 303 283 287 


Since the transport numbers of salts in ammonia have been de 
termined, the ionic conductivities can be calculated and prove to b 
about three times the conductivities in water.®’ 


Ration. 

Li. 

Na. 

K. 

NH4. 

Ag. 

LoinHaO (18° C.) = 

33*3 

43*4 

64*5 

64*7 

54*0 

L 0 in NH 3 (at b.p. ) = 

112 

130 

168 

131 

116 


Anion. 


Lo in H 2 O (18° C.): 
Lq in NHg (at b.p. ) : 


Cl. 


65*5 

179 


Br. 


67*7 

172 


66*6 

171 


NO3. 


61*8 

171 


^ Goodwin and Thompson, Physical Beview, 1899, 8, 38. 
2 Cady, J, Physical Ghem., 1896, i, 707. 

^ Prenzel, Zeitsch, Elektrochem., 1900, 6, 486. 

^ Franklin and Kraus, Amer. Ohem. 1900, 23, 277. 

® Lattey, Phil Mag., 1921, 41, 829. 

® Kraus and Bray, J. Amer. Ghem. 80 c., 1913, 35, 1337. 
’ Franklin and Cady, J. Amer. Ghem. Soc., 1904, 26, 449. 
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Tlie differences between individual ions, especially anions, are much 
less marked in ammonia than in water. The higher conductivities are 
no dou])t connected with the lower viscosity (or higher fluidity) of 
ammonia, since the resistance to the motion of the ions is some function 
of the viscosity. That of water at 18° C. is 10*63 XlO"*^, while that of 
ammonia at its boiling-point is 2*56 x 10“^. ^ 

In the case of the slowest ions, the ratios of ionic conductivity to 
fluidity are about 0*3 in both solvents. 

In very dilute solutions of salts, and in rather dilute solutions of 
other compounds (see below), a mass action constant may be calculated, 
but in order to express the behaviour in more concentrated solutions 
other constants must be introduced, as in the equation of Kraus and 
Bray : 

Nitromethane, thiobenzamide, orthonitrophenol, methyl nitr amine, 
trinitrvfl)cnzeue, trinitraniline are among the organic compounds which 
are (‘leelrolytcs in ammonia and obey the law of mass action moderately 
well. The following are typical constants : — 






D. 

Ao. 

Potassamidc 


1*20 

1*18 

0*095 

301 

Trinitraniline 

, 

30*0 

0*73 

0*38 

234 


Liquid ammonia is a favourable medium for the preparation of free 
“ ammonium ” and the alkyl substituted ammonium radicals. The 
radical has been precipitated in the free state at the kathode 

during the electrolysis of the salt dissolved in liquid ammonia, in which 
it is soluble, giving a solution somewhat similar to that of potassium. 
When compressed it is a good conductor of electricity. The radical 
IlgCIIg can be freed from HgCri 3 Cl by washing with liquid ammonia. 
It decomposes at ordinary temperatures into I:Ig(CH 3)2 and Hg.^' 

Electrochemistry of Metallic Solutions. — Solutions of the alkali 
iturtals are blue when dilute ; they assume a metallic lustre and become 
rc‘lleeting when more concentrated. There is little chemical action ; the 
amides are only formed to a slight extent, so that it must be supposed 
that the metal is dissolved as such, and that the high conductivity is 
not due to ordinary ions. During electrolysis there are none of the 
usual ap})earances at the electrodes, such as the separation of solids or 
gases. The conduction in this respect resembles that of a metal. Tlie 
dissolved metal is associated with the kation, since it may be completely 
transfcTred into the katholyte by electrolysis. The negative carrier is 
probably the electron. The equivalent conductivity (referred in the 
usual manner to the solute, e.g. dissolved sodium) is high ; it reaches a 
minirniun at a dilution of between 20 and 30, and then increases greatly 
with increase of concentration : 

V :0*5047 1*038 13*86 30*4 690*1 37880 

A 82490 3228 478*3 478*5 869*4 1034 


' Fitzg(^ral(l, Phi/fticid Chew.f 1912, 16 , 621. 
” l*alniat‘r, Zvilsch, Klvktrochtm., 1902, 8 , 729. 
'* KrauH, ./. .Imrr. Ohe.m, iSW., 1918, 35 , 1782. 
M(i(J<»y and Mooro, ibid., 19 U, 33 , 278. 
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The specific conductivity obviously increases still more 

rapidly with increasing concentration, and the atomic conductance 
•approaches that of the metal itself, as is seen from the results in still 
more concentrated solutions : ^ 

V=l-674 0-9265 0-5099 0-3230 0-1081 

a)=l-298 5-988 148-3 714-0 5047-0 

The atomic conductance of a saturated solution is 1-1 XIO® mhos, that 
of the metal 5-05 X 10® mhos.^ 

The transport number of the anion has been investigated by the 
method of concentration cells. The E.M.F. of these at concentrations 
from 0*010 to 0-870 shows an enormous increase in the velocity of the 
negative carrier, which probably consists to a greater and greater extent 
of electrons, the conductivity at high concentrations being due to the 
dissociation : , 

M:^M++0. . 

In more dilute solutions some amide may be formed, which then 
dissociates into ions which have velocities of the usual order ^ : 

m+nh3=mnh2+4H2, 

MNH2=^M++NH2'-h 

Ammonia in Aqueous Solution. 

General Properties of Aqueous Solutions. — Ammonia is easily 
soluble in water, with evolution of heat. The densities of the solutions 
are less than that of water. The solution saturated at 15° C. has a 
density of 0-882 (see table, p. 86). Solutions saturated with the gas at 1 
atmosphere contain per gram of water 0-875 grams at 0° C., 0-536 grams 
at 15° C., and 0-526 grams at 20° C. One volume of water dissolves at 
0° C. about 1150 vols. (at N.T.P.), at 20° C. 739 vols. (at N.P.). 
At lower temperatures the solubilities are greatly increased. -The 
following weights are absorbed by 1 gram of water in equilibrium with 
ammonia pressures of 743 to 744*5 mm. : — 

Temperature, ° C. ==—3*9 — 10 —20 —25 —30 — 40^ 

Grams of NHg = 0-947 1-145 1-768 2-554 2-781 2-946 

Ammonia Pressures and Concentrations of Aqueous Solu- 
tions. — Up to normal concentrations and the corresponding ammonia 
pressures, the gas dissolves nearly according to Henry’s Law.^ 


p (in mm. of mercury) 

= 5-97 

6-71 

9-35 

13-45 

w (grams per litre) 

= 7-752 

8-602 

11-93 

17-00 

N (mols. per litre) 

= 0-456 

0-506 

0*702 

1-00 

p/N 

=13-1 

13-2 

13-3 

13-45 


That the law does not hold for higher pressures is evident from the 
tables given below. ^ 


^ All these data refer to a temperature at or near the boiling-point of NH3,— 33-5° C. 
2 Kraus and Lucasse, J. Amer. Chem. Soc., 1921, 43, 2529. 

® Mallet, ATner. Chem. J., 1897, 19, 804. 

^ Gaus, Abegg, and Riesenfeld, Zeitsch. physikal. Chem., 1902, 40, 84. 

^ Sander, ibid., 1912, 78, 513. 
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1 Iu‘ p and N laivt‘ Ixaai <‘Xj)r(‘s.setl as an iuterpola- 

(inn r(»rmula * 


p 13-:UN hO-ISN-. 


I Iu‘ aulditinn oi sailts to solutions of ainunonia. ^’(‘ucnilly niiscs the 
annnonin pr('ssur(\ or diininislu^s llu‘ solubility at n ^ivvn pressure, 
the* iithiuni halid(*s nrv am (‘xe(‘ption to this rule and inenaise the 
solubility of nmuumin. Some typiead solid)ilili(‘s are driven in the table, 
in whi(‘h /a" thaiott^s tiu' iinunoniji pu'ssures (nim.) in ecjuilibrium 
with \*arious (*oneent ndions of tiu* salt in solutions which aire nornuil 
with respect to totad aunuoniju and A/> lh(‘ diffenmea^s between the 
pressures (d' anuuonia, /.r. I.'Ms’) mm. in cajuilibritim with a norimd 
au|ia‘<His stdutiou, and thos(‘ in (‘<[uilibrium with the sjilt solutions 
normat in n‘spt*c»t to nmmoniau^' 

AMMONIA PRESSURES OF AMMONIACAL SALT 

SOLUTIONS. 


Suit 

Uo'i Xoniud. 

'<»ne(aitrntion of Salt 

no Niu’uud. 

hr» Normal. 



A IK 


ajk 

P- 

Afi. 

KCl 

1 t* to 

1*0 I. 

I5*5:i 

2-()S 


:M8 

.'.K.,S(), ! 

IfidlT 

Id hi 

I7*t2 

:i*07 

ID-Hf) 

(MO 

ch; "cook 

15*55 

2*10 

17-50 

t*l t 

15)‘(‘>7 

0*22 

■ Kil 

10*05 

0*40 

12*28 

M7 

1 1 *27 


XnOll 

15 *07 

1*02 

17*00 

8-04 

18*80 

5*85 


In the ease of mean* eoneent rnle<I .solutions, tht' eomprcdu'usive 
nssults of Perman are nvailnbh*/^ 'Tlie total pressures of ammonia and 
wiifta’-vnponr in et|uilibrium with soltdions of various eomamt rations 
and at various temperatun^s w<a*<* meusunai by tlu' static* nu‘tho(h ix. 
on a nianotfU'ter, Tjdde A is based on thc*s(* restdts. In anol lun* series, 
the partial pn^ssures of ammonia and of w‘att*r“Vapour (mm.) in <‘(|uilib“ 
rium with the scduti<»ns wiu’e detcu'tnined by the dynnmie m(*thod, ij\ by 
pnssinix n known volume of air tlu*ou<i[h the solutions, and tlu*n lhrocj|jfh 
[a] standard dihde and {h) eoneent rntcat sulphuric* a(‘id. The* total 
inc’rc'ast* in the wei^dds <d‘ (a) and (h) eivt»s tin* ammonia, plus wattca*, 
and the dtaTeast* in the litre cjf tin* sulplmrie af*id ^dvc\s tin* mnmouia. 
Tid)le II is hiised cm tlu*sc* resedts. By means cd' this sc*ri<‘s it was 
lircived thiit tin* ltnvc‘rin*4 of tin* vapour prt*ssun*s of wale*!* in tin* prc*s(‘n(‘e 
of ammonia is n rc*c*tilinenr function of tin* eompositions up to 10 p(*r 
cent . sedutions. 

Pi P(l a*) (“p” ill mm.). 


^ l 4 *rk«’ wad l'or?'«rtiil!, Amtr\ */.. UHU, 31, 2aH. 

** C and Iha'ifiiiM, Amrr, lOita, 45 , 5 ) 15 . 

•* UiiUM, AIm’i'ii, iUiel lUr.Hi’fdrld, Uh\ rtt. 

* dmiiiin, I'rumi. i%rm, HHU, 79, ?|H; tlMKl, 83, liaS. 
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Table A. 

VAPOUR PRESSURES OF AQUEOUS AMMONIA. 


(Total pressures, (HgO+NHg) in mm. of mercury.) 


Temperature, 

° a 

Percentage of NH^. 

0 . 

5. 

10. 

15. 

20. 

30. 

0 

4-5 

20 

35 

57 

93 

220 

4. 

6 

21 

39 

66 

110 

266 • 

10 

9 

27 

54 

89 

144 

346 

14 

12 

33-5 

67 

110-5 

176 

412 

20 

17*5 

47-5 

93 

151 

237 

537 

,30 

31-5 

83 

153-5 

245 

373 

817 

40 

55 

134-5 

241 

377-5 

569-5 

1189 

50 

92‘5 

210 

363-5 

564 

834-5 


00 

149-5 

327 

539 

816-5 




Table B. 


VAPOUR PRESSURES OF AMMONIA AND OF WATER 
OVER AQUEOUS AMMONIA. 


TcTiiperature, ° C. 

l\‘rcontagc (if 
NH,. 

Pressure of 

NH'a (mm.). 

Pr(;ssnre of 

HgO (mm.). 


r 

4-72 

11-4 

5-1 

0 


9-15 

24-8 

5-3 


14-73 

51-3 

4-1 



22-90 

116-0 

2-8 



4-16 

16-5 

9-1 

10 < 


8-26 

37-2 

8-8 


15-88 

95*1 

7-0 



21-83 

169-8 

5-5 


r 

4-18 

27-4 

16-4 

19-9 ^ 


10-15 

80-6 

15-1 


1 

23-37 

302-4 

10-3 

30-09 ^ 

r 

L 

7-43 

21-47 

86-3 

404-6 

29-2 

22-1 

40-0 

r 

1 

7-36 

20-85 

133-0 

576-1 

50-7 

37-8 

50-0 

14-94 

487-1 

75-2 

60-0 

11-31 

475-8 

130-4 


in which partial pressures of water over the solutions, p 

are the })rcssures of pure water at the same temperatures, and x is the 
fractional amount of ammonia in 1 gram of the solution. 
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Ihe fact that Raoult’s Law is obeyed shows that the molar weight 
ol ammonia as determined by osmotic pressure or depression of the 
Ireezing-point is normal at these concentrations. Therefore there is 
only 1 molecule of ammonia present in the hydrates (c/*. freezing-point 
data, p. 87). 

The vapour pressures of more concentrated solutions are best ex- 
pressed by formulic which are used for binary mixtures of liquids. 
Thus the pressure-composition isothermals agree with the Margules 
equation 


dlogPi ^ dlogpa 
dlog dlog {1—x^y 


in which and x^ refer to the ammonia, and p^ and 1 — x^ to the water. 
Thus for X =0-2088 ( 20-88 per cent. NH 3 at 20 ° C.), =228-5, 

dpi=13, dp^=0-825 : 


2i(i=^=66-6 ^^=61-8. 

P2^ dp2 


Tabic A gives the total pressures of solutions containing from 
0 to 30 per cent, of ammonia between 0 ° and 62° C. The pressures 
w(‘rc measured by the static method, i.e. on a manometer connected 
with the space above the solutions, which were kept at the controlled 
temperatures by the vapours of various liquids boiling at atmospheric 
pressure.^ 

At 100° C. the following ratios between the concentrations, C^, of 
ammonia in the gas phase, and those, Cg, in solution, increase with in- 


creasing concentration, but the ratios K= 


Cl 


T, in which C(1 —a) is the 


ion residue,” 

or total ammonia not present 

as ions. 

is nearly constant. 

C =1-256 

0-633 

0-305 

0-148 

0-0386 

0-0190 

0-0107 

0-0046 

^^=12-92 

12-67 

12-44 

12-13 

12-06 

11-83 

11-53 

11-05 

K=13-l 

12-9 

12-8 

12-6 

13-0 

13-2 

13-3 

13-6 


Table B gives the experimental partial pressures of ammonia and 
water-vapour in equilibrium with solutions. The pressures were de- 
termined by the dynamic method already described. The total pres- 
sures found as the sums of those of the ammonia and water by the 
dynamic (air current) method usually agree within 1 per cent, with the 
corresponding pressures ' found by the static (manometer) method, 
although in a few cases there is a discrepancy of 2 to 3 per cent. These 
results have also been in a table which gives values at intervals of 
2 ° C. from 0 to 60. ^ 

The partial pressures of ammonia and of water in equilibrium with the 
concentrated solutions have been redetermined with the aid of elaborate 
apparatus by Neuhausen and Patrick,^ The dynamic method outlined 
above was criticised on grounds which were indeed noted by Perman.^ 


1 Porman, Tra7W. Ghem. Soc., 1901, 79, 718; 1903, 83, 1168. 

- Perman, ibid., 1903, 83, 1174. 

^ Ncuhaiiscn and Patrick, J. Physical Chmi., 1921, 25, 693. 

^ His results include more dilute solutions, and also show how much ammonia is actually 
evaporated under the conditions stated. 
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The static method employed gives accurately the vapour pressure of 
the water, which is the minor constituent in the case of these solutions. 
The pressure of pure ammonia gas, admitted into one tank from the 
reservoir of liquid, was measured against that of a similar tank con- 
taining ammonia plus water- vapour on a differential manometer witb. 
an obtuse angle of 157° {i,e. each limb 11*5° to the horizontal). Water- 
vapour was injected into the second tank until the pressure, which, 
rises at first (because the volume is constant), reaches a maximum, and. 
then falls as solution is condensed, carrying with it some of the ammonia, 
in the dissolved state. The results are given in Table C (^=20° and 
40° C.). Those due to Berthoud ^ are given in Table D (^=0° C.). 

Table C. 

PARTIAL PRESSURES OF AMMONIA AND OF WATER, 
DENSITIES AND CONTRACTIONS OF AQUEOUS 
AMMONIA.2 

(p in mm. of mercury.) 


Temperature, 

°C. 

Molecular Pcr> 
centage of NH3. 

Pma 

^HaO* 

Density. 

Percentage 

Contraction. 

r 

34*886 

728 

9*4 

0*882 

7*07 

20 i 
V 

43*731 

1281 

8*3 

0*848 

7*37 

56*923 

3277 

4*15 

0*815 

9*65 

r 

25*011 

752 

36*5 

0*902 

6*05 

40 ■{ 

36*126 

1787 

23*9 ' 

0*864 

8*22 

1 

46*335 

3640 

17*6 

0*828 

9*40 

f 

51*676 

915 

1*25 

0*842 

7*50 

0 -{ 

61*206 

1409 

0*77 

0*817 

9*21 

\ 

66*621 

1865 

0*46 

0*795 

8*12 


The densities of aqueous ammonia solutions at 15° C. are given in the 
well-known tables of Lunge and Wiernik,^ and have been redetermined 
by Price and Hawkins. A selection of comjDarative values from both 
sets of observations is given in Table D. 

Hydrates of Ammonia. — The freezing-point curve for aqueous 
solutions of ammonia indicates the existence of two hydrates and three 
eutectic mixtures.®* ® The following data are due to Rupert ; those 
in brackets to Smits and JPostma : — 


1 Berthoud, Eelv. Chim. Acta, 1918, i, 84. 

2 The figures “a?” in the second column can be converted into grams ]>er cent, “jp ” 

by the formula y. 

^^1801-6-0-984 X 

The contractions in the fifth column (at 0°) are calculated as the differences between the 
sum of the volumes of liquid ammonia and water and the volume of the solution. 

® Lunge and Wiernik, Zeitsch. angew. Ghem., 1889, 2, 181. 

* Price and Hawkins, J. Soc. Ghem. Ind., 1924, 43, 113T. 

® Baud and Gay, Gompt. rend., 1909, 148, 1327. 

® Rupert, J. Amer. Ghem. Soc., 1909, 31, 866 ; 1910, 32, 748. 

’ Smits and Postma, Proc. K. Akad. Wetensch. Amsterdam, 1909, 12, 186 ; 1914, 17, 182. 
^ Postma, Rec. Trav. chim., 1920, 39, 515. 




87 


AMMONIA, NH3. 


Hi/drates . . . . 

Molecular pen'cutajfc of NIIj 
iu tlu' solut ion . ] 

Krccziufjf-point, " 


2Nn3.Il30 


65-40 

—79 (—78-8) 


Kiitt'Ctic luij'turf.s ■ 

Soliil pliases . . Nil, and 

2N 1 13.140 

Molecular percent a}j;(“ of 

Nil., in solution . 78-5(81-4) 

Freezing-point, " ('. . <)(> (—92-5) 


‘2NIl3.II.,0 
and NH3.ILO 


57-5 (58-5) 
-86-5 (-86) 


NII3.H2O 

48-59 

—79 (-79) 


Nlla.IIoO 

and II2O 

32 (31r7) 
-^115 (~~-l()()-3) 


Tlu* nuiHojnjdratv lorius small colourless crystals and the Jwniihijdratc 
lai^a'r trnuspartail ntaallc^s. Solutions containing about 33 i)cr cent, of 
umnaHiia art^ vc»rv viscous at 'lOO® C. 

Tablk D. 

DENSITIES OF AQUEOUS AMMONIA. 


IteliHity, 

nt-ITFUtui^r 
u\ NH.,. 

( 1*. imU il. 1 

9-875 ' 

nihoo 

8Hf) i 

35*20 

800 1 

31 *85 

oott 

28*50 

out ! 

25*15 

020 1 

21*85 

030 

i IH*(I0 

010 ; 

1 15*05 


NUn. 

(h. lUltl 

1 HiiiHit-y. 


0*050 

35*51 

000 

31*05 

070 

28*25 

980 

21*02 

090 

21*70 

920 

18*00 

910 

15*50 

900 


IN-reeiiUif'e 
ut Nll\. 

(!>. iiml 11.) 

of Nu:.,. 

(L. and \V.) 

1‘2-7I. 

12*71 

!>-95 

9*88 

7*27 

7*20 

«t*73 

•1*79 

2*31 

2*30 

1 *81 

1*83 

0*91 

0*91 

0*15 

0*15 


Ammonia in Solution in Solvents otiiur than W/Vruii. 

The Holuhihtics of ammonia in the lower aliphatic al(‘ohols a, re 
ctaistderahliN nltlunigh lower than those in watx‘r. Thus uu*thyl 
aIt*<»hol ihssolvcs th per ctad. of ammonia at 0 “ («. The solubilities 
{under eorrcsptinding conditions of temperature and ammonia prc‘ssure) 
ihmiiikh with increasing molecular weight of Uie alcohol; in etliyl 
a!eo!a»l the scduhilities htc : 

TemjMTidnre, . . 0 20 

Solubility in grams of NU^ 

per litre of alcohol . 130-5 75 

Density of solution . . 0*782 0*701 

Thc*se si»lubilittes are increased on the addition of wal(*rd (Com- 
parative sohil>ilitit*s of ammonia in ethyl, isopropyl, and isobutyl 
ttletdiols liave also Ihtui det.ermliual at /-'^^--^20'’ .tO-T 

* iSUi'piiiis J. Phitrm,, 1802, (HI, 25 . mi 
^ IVmliiyic find Atti Acr, Torim. 1882, 18, 07. 
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Alcohol. 

Ethyl. 

Isopropyl. 

Isobutyl. 

Ammonia pressure in mm. of mercury 

457 

456*6 

523*1 

Solubility, as volumes of ammonia gas 
dissolved by one volume of alcohol . 

70*9 

56*6 

59*1 


The following results show a diminution in the heat of solution of 
ammonia as the molar weight of the alcohol increases ^ : — 


® Alcohol. 

Methyl. 

Ethyl. 

Range of concentration as percentage 

of NH3 

Heat of solution in calories per mol. 
of NH3 

0-17 to 9-94 

813 to 1508 

0-30 to 4-23 

703 to 1230 


The ratio in which ammonia is distributed between water and 
toluene is 26 at 19*5° C., and decreases with increasing concentration. ^ 
The distribution ratio between water and chloroform ^ was redeter- 
mined by Moore and Winmill,*"* who found 24*25 at 25° C. over the range 
of concentrations given in the table. The ratio alters considerably at 
higher concentrations according to Bell and Field. ^ They find 24 in 
dilute solution, rising to 10 in very concentrated solution. Since this 
ratio is scarcely affected by the presence of ammonium chloride, ^ the 
variation cannot be accounted for by a variation in the ionic equilibrium. 
It must be referred to the effect of increasing concentration on the 
relative proportions of the dissolved and hydrated ammonia molecules 
{vide infra, p. 92). 

DISTRIBUTION OF AMMONIA BETWEEN 
WATER AND CHLOROFORM. ^ 


Temperature, 

^0. 

Concentration of 
NHa in Water, Ci, 
as Mols. per Litre. 

Distribution Ratio 
Water/Chloroform, 

0 ; 

Authority. 

18 \ 


0*07709 

0*11989 

27*42 

27*44 


Moore and Winmill.^ 



0*154 

26*01 



19-5 i 


0*336 

25-67 


Dawson and McCrae.^ 


, 

0*1498 

24*43 



25 

32-85 < 

r 

0*169 

24*25 \ 




0*1987 

0*0999 

0*2420 

24*26 

21*20 

21*17 


Moore and Winmill. 


1 Timofejew and Brylik, Chem. Zentr,, 1905, ii, 431. 

2 Dawson, and McCiae, Tram. Chem. Soc., 1906, 89 , 1666. 

® Moore and Winmill, ibid., 1912, loi, ii, 1667. See also Hautzsch and Sebaldt, 
Ze^ch. physikal. Chem., 1899, 38 , 258. 

* Bell and Field, J, Armr. Chem. Soc., 1911, 33 , 940. 

® Only the experimental concentrations, Ci, of the ammonia in the aqueous layer are 
given. From these, the concentrations in the chloroformic layers can be obtained after 

division by the ratios 

1/2 
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Sinc(‘ it is |>rohal)U‘ lhai ammonia dissolves in organic solvents of 
tlie water iinmis<*ihl<‘ type ais simple molecules, the distribution ratio 
bet\v<aai su<*h solvents and water should ^ive information as to the 
eon<‘(aitrations of sim})Ie moh^eules present in aqueous solution. This 
in*in(‘i[)le has hvvn <‘xt(msiv(‘ly used, e.g. to determine the hydrolytic 
(‘<|uilibria of ammonium salts. 

Conductivity and DivSSociation Constant. - The weakly alkaline 
rt‘a(*tions of solutions whi(‘h contain dissolved ammonia are due to a 
sli^rht eleetnilytie dissociation into Nll\ and OH' ions. The approxi- 
mati‘ tle^rrees of dissociation d<‘rived from the conductivities in the usual 
maniu'r arci ; 

Normality of solution . . 0*01 0*10 1*0 

Percentage dissociation . . 4 1 0*3 

The maximuni eoi\du(‘livily is attained at a normality of al)out 
at wlueti K « 1(P (svv h(4ow) 1 1 (at 18‘" (!.) and (at ^^5"" C.), and then 
falls to 1-0*1 in n 10 times nortnal solution (at 18*" (*.) and to 4-8 in a 18 
times normal solution (at 25*' In the tablt^s, the values of the eon- 

dui’tivities at 18"' (’. art- due to Kohlraus(*h,^ those iit 25*" C. to (iold- 
sehniitlt,^ witli tlu- t-xet-ption of the first two at the lowest concentra- 
tions, which are due t<^ Hredigv* 


(lONDliaTlVniES OF AQUEOUS AMMONIA 
SOIAITIONS. 

Tabuk a (at 18” ^ 


(' in luiik. (HT litri' 

0*051) 

o*2:tt 

()-M57 

o*i)aa 

2*a07 

•1 *55 

H*H7 

ntoi 


2'fn 

41)2 

0*57 

8*07 

10*95 

io*:m 

0*52 

M)3 


Tablf. H (at 25” 


<• 


0-CH)7H 

0*0109 

0*0219 

0*0552 

0*1107 

()-2l4H 

0*541 

0*000 

0*817 

K in* 

I 

Mun 

1*220 

1*720 

2*718 

2*812 

0*229 

7*882 

8*770 

9*510 

V- 

O-HfiH 

mmi 

l*5H0 

2*UM) 

2*955 

2*521 

4*720 

7*920 

9*2()4 

12*89 

H \ 10* 


10-57 

U-77 

12*70 

12-90 

12-91 

12*18 

8*702 

7*910 

4*222 


The- mtdality of the ammonium ion, at zero eoneentratiou has 
been determined as follows : 

Temperature, IH 25 82-85 

(14 A 70-4 844)^ 

Ltt • 08-7^ 74*4^ 

Thi- molar i-oitduetivith-s at zero eonec-ntrution, A^, tliat is, the sums 
of tiu- ionic eondta-tivities of tlie ammonium ami hydroxyl i(m at zero 
(the lowi-hl limiting) coneentration, arc- as follows : 

* K«*blrn.ti«'h, Itirr/, AnmtUn^ IH79, jtlj, n tt''»» 

^ I , Kfiht'h, ntumj, UKH, 2S, 1)7. 

® Zritm'h, phfj^iknt, (*htm,^ IHIH, 13, 2Hf). 

^ i%ml Winmill, Tram. Chrm. AW., U)12, lOX, ii, UMI7. 
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Temperature, C. = 18 25 

Ao -= 237*7 270*3 

Ammonia is a weak or “half” electrolyte, the ionisation of which 
obeys the dilution law. Putting in the values of a=^ derived from 
the conductivities into the equations 


g^C 
1 — a 


or 


(l~a)V' 




a constant is obtained which is found to hold good for the more dilute 
solutions. It must be carefully noted that the “ undissociated 
ammonia,” 1 — a, includes all forms not present as ions. The constant 
“ Zc ” is therefore an apparent one. It has the greatest practical utility, 
as it is available for calculating the alkalinities of ammonia solutions, 
as well as the acidities and degrees of hydrolysis of ammonium salts. 
The value of the constant of basic dissociation into ammonium and 
hydroxyl ions, Icb at about 18° C., is 1*7 to l*8xl0~^. From the deter- 
mination of A and Aq at other temperatures the following values of the 
constant are obtained ; — 


Temperature, ° C. = 0 18 25 32*35 50 

105A;==1-391 1*72 2 1-80 1-887 2 


At higher temperatures the constant diminishes ; thus 10% is 1*35 at 
100° C. and 0*0093 at 306° C.^ 

The apparent constant also holds good, not only for free ammonia 
and its salts, but also for partly neutralised solutions of ammonia, so 
that from it the acidities “A” (or alkalinities) of any given mixture 
can be calculated by means of the equation 


[H-] 


kio X concentration of added acid 
Ab X concentration of free ammonia 


{kyj is the water constant =1 X10~^^ at 23° C.). 

The acidities of solutions of ammonium salts may be calculated 
from the equation 

^ Ab 

when /i;b=1*8 X 10~^. 

At C. (normality) =1*0 0*1 0*01 

Ph( == -log [H*]) =4*62 5*12 5*0 

These acidities correspond well with the turning-point of metliyl red, 
and consequently this is a good indicator for the accurate titration of 
ammonia. 

The converse calculation, that of the ionisation constants from the 
hydrolysis of ammonium salts, has been made by Lunden : ^ 

AtfC.= 0 18 25 40 GO 

10%=1*4 1*77 1*87 1*98 1*9 


1 Kanolt, J. Anier. Chtm. Soc., 1907, 29, 1414. 

2 Moore and Winmill, Trans. Chem. Soc., 1912, loi, ii, l(j()7. 

^ Noyes, Kato, and Sosman, Zeitsch. ^hysikal. Chem., 1910, 73, 20. 
* Lunden, J. Chim. phys., 1907, 5, 574. 
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Thermochemistry and Thermodynamics of Ammonia Solu- 
tions.— The total (or integral) heat of solution of ammonia in water as 
determined by calorimetric methods is 8*430 Cals, for 1 mol. of ammonia 
in 200 mols. of water. ^ The differential heat of solution (1 ‘mol. in a 
large quantity of a solution having any given concentration) is also 
positive. It may be calculated by the Clapeyron equation from the 
ammonia pressures of, e.g,, a dilute solution as above at 10 ° and 30° C., 
and is found to be 8*700 Cals, per mol. at 20 °.^ This heat may be divided 
i*ito (a) the latent heat of condensation of ammonia to the liquid form ; 
{b) the heat of solution, hydration, ionisation. 

{a) The latent heat of condensation to liquid is 5-000 Cals, in round 
numl)crs.^ From the vapour pressures, the latent heats at various 
tenq)eratures have been calculated and expressed by the formula 

, L ===32-968 Vl33~~^--0-5895(133—i).4 

This gives a molar latent heat of 4*890 Cals, at 15°. The differentiation 
of one forniula of Cragoc, Meyers, and Taylor gives 3-950 Cals. Then 
apj)roximately 8-430 — 5*000 =3*430 Cals, arc evolved in solution, hydra- 
tion, and ionisation when liquid ammonia is dissolved in dilute solution. 
The heat of ionisation, Q^-, is determined from the change in the 
dissociation constant with the temperature. Thus the mean value of 
between 18° and 25° is —1*190 Cals. (Moore and WinmilFs results, 
loc. cit), while between 0 ° and 25° it is —1*675 (Kanolt’s results). 
S(‘e Lunden.^'® The heat of ionic dissociation is also obtained as the 
difference between the heats of neutralisation of (a) ammonia, Q^, and 
{b) astrougbase, Q, with a strong acid; thus Q^=Qi—Q=12-300— 13-800 

1*5()() Cals. (Qi is 12*300 Cals, in the case of 0-278N ammonia, 
ae<‘ording to Thomsen.^) From the results of distribution experiments 
bc*iween water and chloroform, and of conductivity determinations, 
the following heats may be deduced : — ’ 

NIl3+n2O-NH4OH-f5*450 Cals. (18° to 25° C.) ; 

Nn4OH=NH'4+Oir~3*630 Cals. 

lienee, allowing for the proportions present in the solution, of NII 3 , 
Nllg.iallaO and ammonium hydroxide (or any other kind of molecule 
whieli is in direct ecpiilibrium with the ions), it is calculated that the 

‘ Th(\num^hv.)wi(^Lrjjj iraimL by Burko (LongiuanH, 1908). 

IN'.riaaa, TrauM. Ohe.m. Hoc., 1901, 79 , 718. 

Sirornlnuik, ./. Frank. Inst., 1891, 131 ; Diotorici, Zcitsch. Kalleind., 1904, p. 1. 

( )sborno and van Dusen, J. Anier. Cheni. Hoc., 1918, 40 , 1. 

Jaindi-n, Akrv.n\H Hammhmg, 1909, 14 , 05. 

Th(^ appartnit heat of dissociation, Qi (calculated from the apparent conatant kn of 
aimuonia), ia capial to the sum of the true heat, (calculated from the true dissociation 
cujiiHtant k), and the heat of hydration of dissolved ammonia (called NH 3 ). 



kjU 

d log k^^ Q i 
dt ET*^ 

NH3 + lfj<)=S=^NI[iOH 

A;2(NH3) 

dllog — 

dt 

fc„(«-f-LNtr3]) 

d log kn Qi 

dt KT^ 


which “ i ” stamlH for ions, “ w ’ 

’ for undissociated part. 



’ Moore and Winmill, loc. ciL 
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heat of neutralisation in a 0*278N solution at 18° C. is 12-820 Cals., 
agreeing well with the value of Thomsen. 

The Molecules present in Aqueous Ammonia. — In the fore- 
going account of the solubility, dissociation, and thermochemistry of 
ammonia solutions, a judgment as to the kind of molecule which is 
produced by the hydration was left in suspense as far as possible. It is, 
however, convenient to use the term hydrate fox that part of the ammonia 
which is in direct equilibrium with the gas, and the term hydroxide 
for that which is in equilibrium with the ions. The presence of one or 
more hydrates which may be more or less dissociated into NH3 and HgO 
is probable, and the presence of the ion NH‘4 in low concentration and 
perhaps also hydrated is demonstrated by electrochemical evidence. 
But whether an “ ammonium hydroxide ” analogous to sodium 
hydroxide exists in solution is open to doubt. It has been pointed out 
by Caven,^ that, according to the present electronic theory of valency, 
the ammonium ion is formed by the direct addition of the hydrion of 
water to NH3, and that the assumption of a non-ionised intermediate 
ammonium hydroxide is unnecessary. On the other hand, Moore ^ 
has shown that the distribution ratios between water and chloroform, 
taken along with the electrolytic dissociation equilibria, require (that is, 
if the law of concentration action is assumed) a considerable })roportion 
of ammonium hydroxide ; so that the true dissociation constant h' is 
not the same as the apparent constant /cb.^ The following table gives 
the values of the various molecular species calculated from tlicse results. 
The constant /cb is 1*725 10“® (at 18° C.) : — 


THE MOLECULES PRESENT IN AQUEOUS AMMONIA. 

(Concentrations in mols. per c.c., XlO^.) 


Temp.,°C. 

Total 

NHgin 

any 

Form. 

NH^.x'E^O. 

Hydrated 

Ammonia. 

NH 4 OH. 

Ammonium 

Hydroxide. 

NH-,. 

Ammonium 

Ion. 

/caXlOl 

Hydration 

Constant. 

/^B X 10 '^. 
Dissocia - 
tion 

Conatant. 

18 

11-99 

4*92 

6-92 

0-148 

1*41 

2-94 

25 

14-98 

6*97 

7*85 

0-164 

1-18 

8-41 

32-85 

9*99 

5*31 

4*58 

0-186 

0-85 

4-11 


The different views may be reconciled in various ways. The 
hydrion may attach itself to the NH*^ which is already hydrated, giving 
the hydrated ion a;H20.NH’4. On this hypothesis, in the 

above table may be substituted for NH4OH without affecting the 
quantitative relations ; while for there would be sub- 

stituted NHg dissolved as such. It seems probable on the electronic 
theory that non-ionised NaOH, like non-ionised NaCl, does not exist, 
only the ions being present at all dilutions, because the electron has 
already passed from all the Na on combination. Only a portion of these 

^ Caven, J. Soc. Chem, Ind., 1923, 42, 165. 

2 Moore, Trans. Chem. Soc., 1907, 91, 1373 ; Mooro and Winmill, ibid., 1912 , loi, 1007 . 

^ See p. 91, note 6. 
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however, i,e. those whicli conduct the current, are dissociated, 
he same sense we may suppose that non-ionised NH^OH does not 
t ; Niljj wliieh lias attached a hydrogen ion is a positive ion at 
dilutions. ihit a part of this is not dissociated, and takes the 
*e ()1 t he older non-eIe(‘trolytC, ammonium hydroxide, in calculations 
living ammonium and hydroxyl-ion concentrations. 

Dkticction and Estimation. 

Detection.™ Moderate quantities in the air or in solution are 
>gnis(Hl V>y the smell, by the lirown colour imparted to yellow 
iu‘ri(% by tlu‘ hlu(‘ to red or ])urple litmus, and generally the alkaline 
►ur to indicators of the '‘weak alkali sensitive ” class, such as Congo 
‘ or nuthyl orang(\ The latter, however, are rather too sensitive, 
iuy (diange in time when exposed to ordinary air. The blackening 
ncu’enrons nitrat(‘ is also a good test. All these indicators are best 
h(‘d ill the form of test papers. 

Tra<'i‘s of ammonia, and its salts in solution are recognised by means 
Sft‘ssl<‘r\s solution (see p. 94). If sulphides arc present, they also 
art a dark colour to Nesslcr’s solution ; but this persists on the 
ition of a(‘ids, wlu‘reas the brown due to ammonia is destroyed 
sufids. 

Estimation.-" Free ammonia in solution is usually estimated by 
ation witli standard acid. 

Sin(‘<^ the ammonia is continually being lost in the vapour, the 
itions should Ik‘ dilut(‘d and ke])t in a well-stoppered bottle or 
at(‘d at on(‘(‘, or tr(‘at(‘d with an excess of standard acid. 

On ax’couut of th(‘ hydrolysis of solutions of ammonium salts, which 
ri‘fort‘ redact acid (set^ \). 90), the end ])oint of the titration is found 
li an ''acid-insensitive'” or “ alkali -sensitive ” indicator such as 
liyl orangey or btdter, methyl red. 

''riu* ammonia in ammonium salts may be determined after distilla- 
i wit h alkali and absorption of standard acid. A weighed amount 
Ih‘ salt, is (Ussolvc^d in boiled water treated with excess of 10 per cent, 
led sodium-hydroxide solution and distilled from a llask provided 
h a spray tra,|) ” or " s[)lash bulb.” Many forms of apparatus 
dcs(*rihed in the* tcsxt-books of analytical chemistry. The distillate 
ak<‘M up, or th<‘ evolved gases through, a known excciss of 

idard, usually 0*5N acid, and the excess titrated back with standard 
■ili ns d< ‘SC rilled above. 

If ih(^ ammonia is present as the salt of a volatile acid {e.g. as 
lionate), it may be hoiked with standard sulphuric acid, and tlie 
c*ss of this titrated as above. In the determination of nitrogen in 
anie <‘ompounds by the Kjeldahl method, the nitrogen is finally 
ai!U‘cl as ammonium sulphate dissolved in concentrated sulphuric 
1. "rius is distilk'd with an excess of alkali, etc., in the manner 
‘ady d(‘seribe(L If the quantities of ammonia are small, they may 
eoiidcnscal with water and determined by the Nessler method 

‘ p. in). 

Ammonium salts may also be estimated quickly, although less aecu- 
-ly, l>y loss.^ Th(‘ salt {e.g. TO grams) is dissolved in water, treated 
h ail cxci'ss of alkali, and made up to a known volume, e.g. of 1 litre. 
1 .Ifan, Ann . Chim, anal .^ 1904, 9, 257. 
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A measured volume of this, e,g. 25 c.c., is titrated directly, using methyl 
red {a). Another 25 c.c. is diluted, boiled in a flask until the steam is 
free from ammonia, and then titrated {h). The difference between the 
titrations — gives the ammonia. A gas volumetric method is 
also available, which depends upon the decomposition by sodium hypo- 
bromite, with evolution of nitrogen : ^ 

2NH 3 + SNaOBr =3H + SNaBr +N 

The alkaline hypobromite is run into the solution of ammonium salt in 
a nitrometer and the volume of nitrogen measured and corrected to 
N.T.P. in the usual manner. Since the decomposition is not quite 
complete (owing to the existence of a little ammonium hypobromite) a 
blank analysis is carried out on a standard solution of ammonium salt, 
and a correction factor is thus evaluated. 

Ammonia may be estimated gravimetrically after precipitation by 
chloroplatinic acid. The precipitate may be dried at 130° and weighed 
as (NIT 4 ) 2 PtCl 6 , or ignited to platinum. 

Ammonia present as salts may be indirectly estimated by Ron- 
chese’s method.^ Formaldehyde converts the ammonia into hexa- 
methylene tetramine (hexamine, urotropin), and the liberated acid 
is titrated in the presence of phenolphthalein : 

4NH4N03+6HCH0=C6Hi2N4+4HN03+6H20. 

Any free acid originally present is first neutralised, the amount of 
alkali necessary being determined by a preliminary titration in the 
presence of methyl orange or methyl red. Formalin containing 20 per 
cent, of formaldehyde, previously neutralised if necessary to phenol- 
phthalein, is added in slight excess. The titration is then carried out 
in the usual manner with standard acid. The method is not applicable 
to the ammonium salts of weak acids. ^ 

Small quantities of ammonia, free or combined as salts, are estimated 
colorimetrically with the aid of Nessler’s solution, potassium mercuric 
iodide, with an excess of sodium or potassium hydroxide. 

The brown precipitate, or brown or yellow colour, is the compound 
O— I”Ig 2 — NH 2 ~I, which has great colouring power. 

The solution to be tested is made alkaline with sodium hydroxide 
and carbonate, allowed to stand until any carbonates of calcium mag- 
nesium or iron settle, and a -measured portion of the clear solution is 
tested with 1 c.c. or more of the Nessler reagent. If the amounts of 
ammonia are small, as usually in waters, 100 or 200 c.c. are treated 
with sodium carbonate or a suspension of magnesium carbonate (both 
of which must of course be free from ammonia) and distilled from a 
flask through a Liebig’s condenser. Successive portions of the dis- 
tillate are treated with 2 c.c. of the Nessler reagent, and the yellow or 
brown colours are matched against that produced by a very dilute 
standard solution of ammonium chloride. The well-known cylindrical 
Nessler glasses of colourless glass, holding 50 or 100 c.c., are used for the 
comparison. 0*01 mgm. of ammonia can easily be determined by this 
method. 

1 Knop, Centralblatt, 1860, p. 243; Wagner, Zeitsch. anal. Ohem., 1876, 15 , 250. 

^ Ronchese, J. Pharni. Chi7n., 1907, (vi), 25 , 611. 

Wilkie, J. Soc. Chem. Ind., 1910, 29 , 6 . See also Gaillot, Ann. Chim. anal., 1913, 
18 , 15. 
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TriK Hkaction N.> | 3n2:r:::^‘2Nn;j. 

As already Tiuaitioiu^l, the pasvsa^^^ of electric^ sparks, whieli effects 
an almost eomplote (i(‘(‘om[>osition of [)rerornu‘d ammonia., also eauses 
the ^'as(‘s to eombim^ to a, small, hut (hOinite, (‘xtent. The same is true 
of eatalytie a^xaits, such as finely dividend iron, whicli aeci^hTate not 
only th(‘ (kromposilion, hut also the rormatiou of* ammonia and lead to 
a tru<‘ e<|uilihrium. This e([uilihrium may he s(‘t up at ordinary tem- 
perature's in tiu' prc'se'iiee of platinum hlaek or (‘olloidal noble metals, 
when the n\ixtur(‘ ofjLJfases is passed throuji;h ac'idulatc'd watc'r at. 90'^ (h, 
eontainin^^ tiu'se eatalysls. Or hydro<rt‘n may h(' passed throuj^h 
solutions from whieh i\itrojL,^eti is hein^f (‘volvedd 

It has lon^r lu'cai known that nitrot^e'n and hydro^reu will eond)ine in 
th(‘ })n‘s(‘iu*(' of suitahk' eatalysts, and it. was su^^c'stt'd l)y Clark in 
1871s that ammonia mi^jfht Ik' made by passin^^ tlu'm over ehromium, 
nuin^uines(‘, iron, or eohalt. Tlu' systematie iuve'sti^uition of tlu' (‘(luili- 
hrium proi)orlions of anunonia idrmed by n'lativc'ly low tempe'rature 
catalysis was takeii up by Ilaln'r/** Perman,'^'^ and thcar co-workers from 
loot onwards. 

Th(‘ atlinity of the formation of ammonia, frorti its (‘Icments is 
positive'. The reversible potemtial lutween |)latinum (‘k'etroek's tra- 
vers(‘d by lutropai and hydro/^ife'n r(*sp(‘ctiv('ly, whic'h an' imnu'rsed in 
a solution of ammonium nitrate' anel nnune)nia, is a!)out O-O ve)lls.‘^ The 
ele'e'e)mpeKsil ion potential of 25 pe'r e'emt. a(|U(‘ous amme)nia is | ()-03 
ve)Us.’ Tlu'se' re'sults indie'ate' that the' e‘e|uilibrium anuumts e)f ainme>nia 
whie'h she)uld be' formed imek'r reversible' e‘e)nelitie>ns at e)rdinary te'ni- 
pe'ratnre's she)ulel be' hiji^h. 

Heat of Formation. Amme>nia is an exothermie' e'e)mpound, anel 
the' heat of tbrmntiejn uneh'r various e'onelit iejus has be'e'u e'are'fully dt'lc'r- 
mine'eh both eliree'tly and also from the' alteration of the ('<[uilibnum 
(‘e)nstants, with the* te'mpc'rature'. 

The lu'at <d' tdrmation,as ele’te'rmiiu'd the'rmoe'he'mieally tor euxlinary 
t('mp<*ratur<*s, is ^dve*n as tdllows : 

Na I 'dU 2X11;, 1 2 V 1 1,890 ealewit'S.” 

2 -12,200 e'ale>ric'S.« 

The* lu'at of formation frean its eleme'uts id viirious te'mpe'rature's luis 
bc'C'u obtiune*et by the* e’iitalytie' ek'e'omposit iem ed’ itmme>nia in it ealea’i- 
me't e'r. The* lusd jd>sorl)ed Wiis jeist e*ompensideeI I>y (‘k'et rie*ally lu‘alin|| 
the' e’jdalyst se> tlad the* tempendure* re'nuune*ei e'emstiud. The* (‘lc*e*t rie'iil 
e*ner|^y supplieel per se'ceiuel is e'ejual tei the* h<*id ed* leirnuitiem e)f that 
amotud <d' iimmoniii whie'h is dee’eanpose'el pe'r se‘e'e)iid, vi/.. : 

r’ i\ 0 uui 5<m 551 0,59 

Ih'at (T fornudion, Q 10,950 12,070 12,700 12,900 12,150 

* ZruKiN'Iw, rtnd., UHO, 162, 911. 

IhdMT luitl viu» Oiii'dt, Zt flsrh. timmj, (dtrm,, 1905. 44 , 211. 

Prrmna, /Vor. H<*p. *SW., 1905, 76 , lA), HIT. 

^ Oi’rinun and Atkiimi>rn i/dd., HMH. 74 , UO. 

’* Hia idliinity in this earn* Imn tin* Humn nigti an heat of fornuidiai. 

Uaiir, ZritHt'h. (inur(j, ('him., llMri, 29, 205. 

' Idtnr/id. HWri, 32 , 219. 

^ Thfrm.iH'hrmiHtry, triniHl. hy Hnrke ( b<»riignian«, 190H), 

^ lk*rth*'loi and Malign^ni. Ann. ('him. I*hy^i., IHHO, |5}, 20, 252, 
llalK*r, 'raniiirn. aiul Oholin, ZtitHch. hUiitrorhvm., 1915. 21, 19L 
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Omitting the third value, which is discordant, th«‘ lu‘ai t*iin In* <‘xpressed 
as a function of the temperature by the ciiuntion 

Q=^10,95() + 4*5 y -~()-()()1822/*^ <‘alorit‘s, 
or 

Q =9,575 + 5*535T --0 001 822'F <*alorics. 


10,950 and 9,575 calories being the heats of formation at zc^ro <*entigradc 
and zero on the absolute scale respectively. 

Another equation proposed is : 

Q=9,465+5-819T*-0d)012(nT^ t 0-()g.i7lT^» cnkndcs.* 

The variation in the heat of the formation with tlu‘ ttunp(‘rature is 
also given by the Kirchhoft Law, 

Q,-^Qo-2nCi, 

in which SnC refers to the molar heats of the reacting gnsi*s (positive) 
and resulting gases (negative), each multiplied by tlu^ mnubtu* of mole- 
cules participating in the reaction. 

The values of C, the molar heats, are : 

Nitrogen . . . 6*58 -f 0-00058^. 

Hydrogen . . . 0-8+0‘0()08^. 

Ammonia . . .8*62 +()-00175/ (1*7 X 1 0 

In the formation of 1 mol. of ammonia, 


fH,+|N,=Nn,. 

Hence 

SwC =4*87 -0-001035i^- 1 *7 X 10“ 

and 

Q=10,950+4*87<-0 001035<2-~-1*7 X 10”“V calorics. 


The values of Q, calculated from this, agree fairly well with those* foimd 
by thermochemical methods. 

The variation in the constants of the reaction, viz.. 


K - (NHa) 

^ (H2)KN2)i 


and 


K. 


PmUj, 


md, of course, also of the affinity of the reaction 


A=RTlogK„ 


nay be obtained as a function of the heat of reaction and srx'tufic* lu'iits, 
)y integration of the van ’t Hoft isochore : 

dlogK, -Q, 
dt RT»' 


heat of the reaction at constant volume, is positive, 
he constant K must diminish "with rising temperature, as is sci'U by 
he integrated form : 


» ShiUing, Trans. Faraday Soc., 1926, (vi), 82, 396. 
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i-aK,. '"RK,, 

Since the ri^ht-Iuind si(l(‘ <>(* the ecjuaiion is n(‘<^’alive (To is ][^n'eater than 
T,), is It'ss anuHonia. in the etjuilihriuin inixtun^ at the hi^duT 

t(an})t‘raturt‘. Aalnally llu‘ valms of K dcdfriniiaal at (‘aeli tein|)erature 
are thosc‘ at eonslant pn'ssun^ Kp, and 

K p 1(>^^ K,. 1 RT. 

Th(‘ (i valut‘s ol)S(‘rvt‘d aire also those at eonstaiit pressure, a<nd 
Qp ii, idi^nlo^^ RT. 

is a fnnetion oftlu^ Uanp(‘rature (as shown aho\H‘), and its txanpta-a,- 
lur(‘ (‘ot‘ni(*itads must ht‘ inehnh'd in tlu‘ i!d(‘^n’at ion, t»;ivin^^ the t‘(|nation 

2905 

\oiXu)^<-p 2*788 1 loir, oT I o*()00808()T | eonstant . (I) 

Th(* intt*.t,u’alion <*onslant may ht‘ (*vahial(‘d by a deUa'inination oT 
tlu‘ e<|uilibrium ni <aH' t('mp('ratur(‘, or approximately by nutans of tlu^ 
N(‘rnst h(*at theonan. By th(‘ lirsl metluHl lh(‘ (‘oust ant. is 2*0258. 
(Kp 0*000278 at / 880 * {’,) 

Anotlu*r t‘(|ualion, used by IlalK‘r, is • 

2008 

.p 2*5088 I(hO„T 0*000I00(>T | 0*18<> v p) a^pti | o-l (2) 

A slu)rt<aH*<l form of this (*([uation, 

. . . 2888 

(M 8 t .... ( 8 ) 

is sidru-icadly acamrate for many ptirpost*s.^ 

liy th(* use of tlu* etjuations r(*prt‘s<‘ntin‘i^ tiu* most probabk* sp<‘eitie 
htail <»r ammonia at c*aeh temperature (see p. 00), and also tla^st* reprt*- 
senlin<^^ the varijdion tif the < (|uilibrium eonstant with tlu* tt'inperatiin* 
(se(‘ ab(A‘t‘), antdlier c*<|uatltai has been obtained, viz. : 

•i-»72Hluji:T i (H»a-27r><riM I . (I.)'-® 

which iJ^ives results in ijfoo^l n*»reement with those* of Table* A, 

The Kc|iiiHbrium (.loiintuntH at Different 'remperatiires. ■ The* 
followini^ table‘H eontnin the most impenlant <d’ tlu* <‘Xpenm<‘ntally 
determine*d vahu’s <d* Kp, wlue»h art* eompim'd with those* c'aUnitatt'd by 
eepiations (I) autl (2). 

* fariimlii* indirjiti’ thiU tlu* tu*Ht rt*iit*hrH ii itmxiiatau ?it a rc-rteiri teai|Ma‘itteav 

Hiul thru iMTuiHiiij* let vi-ry haeh Htel ttu^a ne^gitiives Thet 

enjtulibriutn |m rri-atiifir uf iiaiumaiji shtiulii nt ttiw tt» linr liinl tlu* penwi* 

bility i« thufi i^aviii iluit luiiiiiutim ih b*riiuui ut hisiti In mipport t>f iluH 

d«uhi{'tiuf{ fhrrr 'm tlu» farf that amm«»nift vmi Ih» i^yiUhi-Hiurd by tho ufmrk eliatibargei 
(tbstiii, Mfiurh. iJi. Sttr,, IKHH, jib I, $U ). Alnti tlu* n|Mu*trtien of lunrnoiiia 

c'ontjuiw ii wrI»*K «»l linos in tin* nltrieviolct ot»iToH|Hjn<lintf with a iimup in the* uolar 
H|«*<’trtan flotwlor iiial tnei^iU'y, Phii. UlUb [A|, 2iH. ahl), 

■-* P{trtiiaa«»ii aeui Slillliiti'. Thr Sptrtjh' Utnh tij ilUnm, 10241; 8hillln||, Tninn, 
Pamduti S(H\, t02e», 22, JIIHi. 

VOL. VI. : I. 


7 



98 


KITROGEN. 


CONSTANTS OF THE NITROGEN, HYDROGEN, 
AMMONIA, EQUILIBRIUM. 

Table A. 


Experimental and Calculated Values of lO^K^, at Total Pressure 
of 1 Atmosphere, 


Temperature, 

® C. 

(Haber and 
le Rossignol.) 

(Haber and 
Maschke.) 

Calculated by 
Equation (2). 

Calculated by 
Equation (1). 

600 


13-8 

15-2 

14-9 

roo 

6*85 

6-57 

6-84 

6-83 

750 

4-68 

, , 

4-98 

4*88 

800 

3-84 

, , 

3*62 

3-59 

850 

2-86 

2*71 

2-73 

: 2-71 

930 

1-89 

, , 

1-84 

1 1-81 

1000 

1-43 

1-39 

1*40 

1-32 

1100 

• • 

0-93 

0-93 

0*89 
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lu Table II the temperatures art* those eorrt\spoiuliu^ to the stated 
values of K, th<* total pr<‘ssure beinjtr I atmosphert* and the* eoni})osiiion 
of the dllu ! N.^. 


Tabuh H. 


n/’ Anutuinld Fotined, 


lOMv,, 

0/ XH 

2(H) 

0-7 

1(H) 

()-a2 

50 
()•! t 

lO 

O-II 

ao 

oos 

20 

()•()(> 

to 

0()a2 

0 

()-02i) 

Nil., 

/o 

S 

()-()25 

7 

()*()2d 

0 

()-0l9 

5 

()()I(» 

4. 

o-oia 

a 

o-oooo 

o 

o-oodf) 

1 

o-ooao 


Tahlk ('. 


Idilues (if at a Tatat Ftrssarr af Afniasphars (Mea,s'iurnaaU\s 

(if flabt r aial Ir /i*a.v.v/e;u//, Halirr, l^uiiara, and i^annian) (lti(\ cif,, 
iaj'ra)* 


r V. 
loS':,. 

501 

2 1 a 

020 

12‘0 

oai 

U-4 

TOO 

0-H 

70 1 
0-50 

710 

C- Mi 

722 

5 *82 

.HOI K12 

.'tr)(i :!:{H 

/ ' 

001 
20 0 

014 

1 -00 

052 

1 -OH 

074- 

MH 






Tint value of tlie eoustatit shtndd bt* intlrptaideut of tla* total prt‘s- 
sures if thest* art* luit st) hi|^h that the pnrtieipatiu|^ ^nises d<*part \vid(*ly 
from tlu‘ laws. AetuuUy tht*re is a fair n<frt‘eiiu‘ut lH‘tW(‘eu Tabh‘S 

(! and A. Tliest* etjuililaan w<*rt* uttaiued in the pn‘stau‘t* of iron, 
ninn|(ane,st\ niekt*h or tdirouiiiuu. 

'ria* <*nietdatt"tl yields tatrresptmding t<» vru*ious jU’esstires anti Uan- 
peratures are suininarised. 


Tauuk I). 

(Udvulatvd i^ntvataur af NTLi under eariaus iferatfars and 

/VeA\v/ne.v. 




Vvtwnt iWr *4 


lVt«|H*rittaris S 

' i\ ; 





1 Afae 

:sa Attn. 

MM> Aim. 

'itMi Ataa 

1 

200 

1541 

07-0 

H04I 

HfeH 

:ioo 

2'IH 

aiH 

52-1 

02*8 

■too 

0*44 

tO*T 

25 d 

i 1)141 

500 

0-120 

1002 ; 

10*4 

174,1 

000 

0-0 to 1 

MO 

4*47 

H-25 

700 1 

0-0220 ' 

0*00 1 

2-14 

4*n 

HOO 

0-0117 i 

i 0415 

M5 

2*24 

000 

0-00410 

out 1 

04IH 

MI4 

1000 

0-00 II 

1 0.1« 1 

0-44 

0-87 




per cent. NHg in Ng-f-SHg 


101 


AMMONIA, NH3. 

out by Haber and co-workers A’ ® The mixture of nitrogen and 
hydrogen was prepared (in one series) by the combustion of air with the 
theoretical amount of electrolytic hydrogen. This was passed through 
one of a pair of tubes, each containing a catalyst plug, laid side by side 
in an electric furnace which maintained a constant temperature over a 
length of about 6 cm. The proportion of ammonia formed was estimated 
by absorption in standard acid. In order to approach the equilibrium 
from the ammonia side, a percentage, say 0*28, which was greater than 
the equilibrium percentage of ammonia, was added to the mixture, 
which was passed back through the other tube. When higher pressures 
were employed the mixture of gases was contained in a cylinder under 
a pressure of 100 atmospheres. From this, the pressure was reduced 
to the standard. 

Catalyst bombs have been designed for experimental work of this 
character as well as for continuous production of ammonia. They are 
constructed of special materials, as, for example, tungsten steel lined 
with electrolytic iron, since they have to withstand not only very high 
pressures but also the corrosive action which ammonia has on some 
commercial irons (see also p. 105). 

Equilibria at High Pressures. — Since ammonia is formed from 
its constituent elements with contraction, it follows from the law of 
mobile equilibrium that an increase in the total pressure should increase 
the proportion of ammonia formed at each temperature. This result also 
follows from the assumption of an equilibrium constant. If the expression 

or what comes to the same thing, its square root, K^,, as stated above, 
is to remain constant when the pressure is increased, then must 
increase at the expense of and This relation is shown by 

Table D, which is based on the constancy of K^,. As this increase is 
advantageous, the values of the constants at high pressures have been 
investigated experimentally and the relation has been verified.’^’ ® 

A mixture of nitrogen and hydrogen was made by burning electro- 
lytic hydrogen and air in the calculated proportions. The gas at 100 
atmospheres was purified by a copper deoxidiser with nickel catalyst, 
and also by j^assing through soda lime, granular aluminium oxide, and 
fused potash, and finally through an ammonia catalyst at 500° C. The 
small amount of ammonia formed carried down with it traces of CO 2 
and HgO. From the observed percentages of ammonia (Table E) it 
was estimated that the equilibrium constant, 



varies with the pressure at a single temperature.’’®*^ This result is 

^ Haber and van Oordt, Zeitsch. anorg. Ghem., 1905, 44, 341. 

“ Haber and le Eossignol, Ber., 1907, 30, 2144. 

^ Haber and le Eossignol, Zeitsch. EJ^trochem., 1913, 19, 53. 

^ Haber and le Eossignol, ibid., 1915, 21, 241. 

^ Haber and Masclike, ibid., 1915, 21, 128. 

Haber, Tamaru, and Poniinaz, ibid., 1915, 21, 89. 

’ Larson, J. Amer. Chem. Soc., 1924, 46, 367. 

® Larson and Dodge, ibid., 1923, 4S> 29lk 

® Moldenhauer, Chem. Zeit., 1924, 48, 233. 
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not necessarily in disagreement with the law of mass, or concentration, 
action. For it is known that all gases at high pressures deviate markedly 
from the gas laws, and it is probable that the active masses calculated 
from the concentrations present are not identical with the real activities 
of the gases even at such high temperatures as 500° C. 

Table E. 

Equilibrium Constants under High Pressures. 


Teniperature, 

C. 

300 Atm. 

GOO Atm. 

1000 Atm. 

K. 

Per cent. 
NH,. 

K. 

Per cent. 
NH 3 . 

K. 

Per cent. 
NH 3 . 

450 

0*00884 

35-5 

0-01294 

53*6 

0-02328 

69:4 

475 

0*00674 

31*0 

0*00895 

47*5 

0-01493 

63-5 

500 

0*00498 

1 

26*2 

0*00651 

42*1 




Hence it is necessary to split u]) the general equations which give 
as a function of the temperature into series, each characteristic of certain 
ranges of pressure. Thus : 

log K^=|+i3 log T+yT+ST^+c. 


p in Atm. 

a. 

/A 

yXlO^ 

(5x10’. 

e. 

300 

600 

1000 

+ 2074*8 

3 J 

J 5 

— 2*4943 

53 

53 

— 1-256 

— 10-856 
—26-833 

1*8564 

33 

33 

2*206 

3*059 

4*473 


From these results the percentages of ammonia formed at 500° C. 
and at different pressures have been calculated. These are as follows : — 

p in atm. = 10 30 50 100 300 600 1000 

NH 3 per cent. =1*21 3*49 5*56 10-61 26*44 42*15 57-47 

The Effect of Velocity upon Yield. — In the investigation of the 
time factor, a type of apparatus was used which allows the mixture of 
gases to be circulated at different rates, with continuous refrigeration 
of the product in order to separate the ammonia formed. This appa- 
ratus is similar to that employed in the large scale synthesis of ammonia. 
Uranium carbide was used as a catalyst, 2 the experiments of 

Maxted, iron potash.^ Although of course the maximum yield is that 
which corresponds to equilibrium, yet it is not desirable in practice to 

^ Haber and le Rossignol, Zeitsch. Ekktrochcm., 1913, 19 , 53. 

^ Haber and Greenwood, ibid., 1915, 21 , 241. 

» Maxted, J. Soc. Chem. Ind., 1918, 37 , 232. 





103 


AMMONIA, NHg. 

allow sufficient time for the equilibrium to be nearly attained, but 
rather to pass the gases at such a rate that the space-time-yield (S.T.Y.) 
is a maximum. The S.T.Y. is defined as the yield of ammonia expressed 
ill grams per hour and per c.c. of catalyst space. The space- velocity 
(S.V.) is the rate of flow in litres per hour at room temperature and 
atmospheric pressure, per litre of catalyst space. In one series of 
experiments at 515® C. and ^=49*6 atmospheres pressure, the following 
results were obtained : — 


Time of contact (secs.) = 86*0 
S.V. X 103== 7.0 
NH 3 per cent.= 3*93 
S.T.Y. = 0*21 


26*4 10*1 4*3 

24*7 64*8 150*6 

3*38 2*77 2*0 

0*6 1*28 2*12 


Thus, in spite of the lower percentage of ammonia formed, the space- 
time-yield is increased by a moderate increase in the velocity of the 
current of gases. 

The Effect of Velocity. — An increase of pressure increases both the 
equilibrium percentage and the reaction velocity. Thus at a pressure 
of 113*6 atmospheres and a space-velocity of 28*5, the percentage of 
ammonia is 6*42 and the S.T.Y. is 1 * 3 , which is considerably higher than 
the comparable second S.T.Y. in the table. In these experiments about 
50 per cent, of the total possible percentage of ammonia was formed 
by a contact of one to two seconds. 

The Catalysts, — Among the catalysts which induce a sufficient 
velocity at about 500® C. (or even below this temperature) are osmium, 
uranium, uranium carbide, iron, and metals of the iron group, or those 
similar to iron in their physical properties. 

Osmium was used in the early experiments of Haber and le RossignoL 
It may be in the form of grains, or asbestos may be soaked in an osmium 
salt, which is then reduced to the finely divided metal. It is too expensive 
for technical use. 

Uranium. — The commercial metal may be broken into small pieces, 
or it may be prepared by the reduction of green uranium oxide with 
sugar charcoal. These catalysts are easily oxidised by traces of air 
or water-vapour. Hence they are unsuitable for continuous use. The 
same may be said of sodamide, which was used in some early experi- 
ments, including those in connection with the American plant at Muscle 
Shoals. Uranium may also be used in the form of the carbide, which 
is prepared in the electric furnace from the oxide and carbon. 

Cerium. — The oxide is reduced with ndagnesium in an atmosphere 
of hydrogen. 

Tungsten. — The commercial metal is heated in chlorine, and the 
chloride is reduced by gaseous ammonia. 

Manganese in a state of fine division may be prepared from the 
amalgam. The high initial activity of this catalyst soon falls to a lower 
constant value. 

Magnesium and Beryllium Cyanamides may be made by heating the 
carbonates to 500® C. in ammonia. They are improved by an admixture 
of iron. 

Iron. — This is the catalyst which has been most widely adopted, either 
alone, or with another metal of the iron group, or with Cr, Mo, W, or 
with promoters {vide infra). Iron may be prepared in a very active 
form by oxidation in a furnace heated with oxy hydrogen flames. The 
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oxide is broken up and reduced by hydrogen or ammonia at 500° 
600° C. It can be freed from catalyst poisons by alternate oxidati 
and reduction. Iron with molybdenum has been largely used by t 

Badische Company. , . . , , t i 

The use of “ promoters ” with the iron has been found advantageo 
These are oxides of the alkaline earth or rare earth metals, alumii 
silica, and potassium aluminate. The yield is much improved if t 
are present, of 'which one is a basic oxide, such as those 



Fig. 14 --^Cycle of ojierations in tlio syiitlioBis of ammonia (Haber and lo Rossigno. 


potassium and caesium, and the other a more acidic oxide, such as th 
of alumina or zirconia. Thus it was found that iron with alumina al 
gave a yield of 8 per cent., with potassium oxide alone 5 per cent., 
with both together 14 per cent, of ammonia. The manufacture of s 
a catalyst proceeds in two stages. In the first, iron oxide is fu 
between water-cooled iron electrodes on a heartii of the oxide, 
fused material is mixed with the promoters and reduced in a cun 
of hydrogen. 

Some of the modern catalysts are so effective that they allo^ 
sufficient velocity of combination at temperatures slightly above 300 

Catalyst Bombs. — The simplified sketch of the apparatus used 
Haber and le Rossignol will give a general idea of the manner in wl 
the combination is effected. The mixture Ng+SlTg enters at A, is d 
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ammonia in the reacted gases then liquefies in the vessel I, the outside 
of which is kept at —60° to —70° C. by a freezing mixture. The un- 
combined nitrogen and hydrogen are circulated as before. 

The Haber-Bosch bomb as used at Oppau consists of two forgings 
of tungsten steel held together by bolts (centre of fig. 15). The 
flanged ends are closed by covers, top and bottom. The over-all 
dimensions of this bomb are : length 42 ft. 8 in., largest diameter 
5 ft. 5 in., and the weight is 74|- tons. It is lined with electrolytic iron ; 
inside this is refractory material, and inside this another lining. The 
internal space, of diameter 2 ft. 7|- in., is occupied by the catalyst. An 
electrical resistance heater raises the temperature initially to 600° C., 
and then this temperature is largely maintained by the heat of the reac- 
tion, conserved by good heat insulation. There is a heat interchanger 
to reduce the temperature of the issuing gases so that the ammonia at 
200 atmospheres can be absorbed in water, giving a 20 per cent, solution. 
The production is 20 tons of ammonia per day. 

In the Claude bomb (fig. 16) the gases are heated by passing 
from A round the contact mass, then through this and out at C. The 
tubes M and T are made of nickel-chromium alloy. Each bomb weighs 
15 cwt., and twenty-four of these, weighing 18 tons, are required to 
make 20 tons of ammonia per day. The reacted gas passes through a 
coil cooled externally by water, and all the ammonia, except 2 or 3 per 
cent., is liquefied at the enormous pressure, 900 atmospheres. Fig. 17, 
the Casale bomb,^ illustrates some details of heat exchange. The 
tube 4, with flanged ends 13, is separated from its thin lining 6 by a 
heat insulator 8. The flanges are closed by plates, of which the lower 
carries the electrical resistance heater 7 and its electrical connections 
11, and the upper the inflow and outflo^^ tubes. The mixture of gases 
enters the annular space between the thin inner tube 1 and the thick outer 
tube 17, thus being heated by the reacted mixture which is passing out 
through 1. The entering gases pass through 9, 10, and 2 to the electrical 
heater 7, and thence through the perforated plates 18, the catalyst 
material, the holes 3, and the passages 16 and 15, and out through 1. 

^ Casale and Leprestre, English Patent, 176144 (1920). 



CIIAPTl^ni V. 
HYDROXYLAMINE. 


Historical Methods of Preparation. Hyclroxylaiuiuc hydrochloride 

was dis(*ovcrt‘d in 1S()5 hy Losscnd This salt wa.s pre[)arcd l)y passin/^* 
aitric oxid(‘ into a. sohitioii of hydrochl<a*ic acid whicli was actia^r ou 
lia with evolution of hydrogen : 

2N() I (ill .2NII/)H. 

Lalc'r the salts were prepared in thi^ solid states and sul)s(‘([ueatly 
the frcH^ has(‘ was isolated hy healing the addition eotnpound with zinc 
chloride, ^ hettcT, by adding sodium methoxidc to 

hydroxylaniiine hydrochloride in inethyl alcohol, and distilling off first 
t lie alcohol and t luai tlu* hydn^xylainim; at reduced pressure : 

NH/)I1JI(H i ClL/mi Nacn 1 | NU^OlIe^ 

The pn'parations of hydroxylauiiiu* gcmerally d(‘pend directly or 
indir<H‘tly upon the reduction of mon* oxidises! coinj)ounds. 

The r<‘du<*tion of nitrie* oxides can also he (dTesied hy hydrogeai in 
platinum sponge ov'cr 100*' as weil as hy nascead. hydrogeai {vide 
Nitric a<*id, nitrate's, and nitrie' e'steu's can a-Iso he' re'ducesl 
to hydroxylaniiue' hy nasesait. hydrogeai Ibrme'd eluring the^ solutiein of 
Mg, Zn, eic., in acids, and hy the' ae'tie>n of water on sexlium 
amalgam, as also hy sulphite's, sul})hid(‘s, and kathexlic hydre>gen 
(see* p. IHt). Tlu' re'due'tion of nitrite's hy the* same* resigenls givc's a 
ineist service'ahh' nu'thod of })re'paring the* salts {vide ui/hi), Ane)ther 
nu'thexi di'pe'uds upon the* re*du(*tie>n eif nit re)»ce)mpe)unds, such as nitro- 
metluine and nitroforni. 

The Hedueti(tn of Nitrites hi/ SiU/ihltes. (’ryslalline salts fbrnu'd hy 
the* inte*ruction of nitrate's anel sulpliite's were prepare'el and aiuilysed hy 
Freiny.^'^ Tlu'st' were* later shown to he alkali salts of sulphonie aetid 
derivative's.^^'* The* eliree't aelelitie)n of sidphurous to nitrous acid 

^ Zritmdi, IHUo, 12|, I, Aol. 

(‘rwmer. HulL *SW. chim., IHIM), jaj, 3, Uf) ; IHDl, 6, WX 
» eli^ Bniya, /Irr.. IH«4. 27, 

^ (hmpt, n ml.^ IHtHt 128. 435. 

'* Liielwig and Hedn, //er., 2, 871. 

® DiviTH anti Haga, Traim, (-hvm. AVa'., IHH5, 47, 823. 

^ ZdintJL (diem., 1885, [21, i, 551. 

^ Divex'H aiul (du m. NrwH, IHH8, 54, 271. 

** Miuimt*ne% (*ttmpt, rend., lH7n, 70, M7. 

Piiniiih, tier, Wien. AkmL, IH77, 75, ii. 588. 

” PivihiHt'h, J. prakt. (% m., 187-1, ( I f 8, 388. 

Mryrr and h<»fht*r. Her., 1875, 8. 218. 

'r«’hf*rtnak. ihid., 1875, 8, 808. 

Krtniiv, Anmileit^ 1815, 56, 315. 

(‘litUH, ihid„ 1880, 152, 338. 351 ; 1871, 158, 52, HM. 
llamddg, Her., 1887. 20. 584. 

Idvtna anci Ifaga. TranH. (%m. Hue., lOOO, 77, 432. 
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could give dihydroxylamine sulphonic acid, (H 0 ) 2 N.S 03 H, or its 
anhydride nitroso-sulphonic acid, ON.SOgH.^ Actually, when nitrous 
acid is added to an acid sulphite, or sulphurous acid is added to a nitrite, 
hydroxylamine disulphonic acid is produced : 

H0,N0 + 2H2S03-H0.N(S03H)2+H20. 

The acid is unstable, but the potassium or sodium salts may be crystal- 
lised from the solutions obtained by the interaction of potassium 
nitrite and metabisulphite at 0° C. : 

2KN02+3K2S205+H20=2HO.N(S03K)2+2K2S03.2 >3 

The solution, at first neutral, becomes alkaline, and the potassium salt 
crystallises in rhombic prisms. On acid hydrolysis this gives a salt of 
hydroxylamine : 

H0.N(S03H)2+2H20=H0.NH2.H2S04+H2S04.^ 

A concentrated solution of sodium nitrite (2 mols.) is mixed with one 
of NagCOg (1 moL), and sulphur dioxide is passed into the mixture 
until it is slight^ acid. The solution containing H 0 .N(S 03 Na )2 is 
warmed with a little sulphuric acid in order to effect the hydrolysis, 
which is completed over 90'' C. The resulting solution is neutralised 
with sodium carbonate, evaporated to small volume, when sodium 
sulphate (the decahydrate) crystallises. From the mother-liquor a 
hydroxylamine sulphate crystallises on cooling. Further details about 
the hydroxylamine-sulphonic acids are given on p. 113. 

Electrolytic Preparation . — ^Nitric acid may be reduced to hydroxyl- 
amine at a kathode of mercury or amalgamated lead in strongly acid 
solution, containing say 50 per cent, sulphuric acid and 25 per cent, 
hydrochloric acid. The nitric acid (50 per cent.) is run slowly into this 
cooled solution. The yield is over 80 per cent.^ 

Preparation of the Free Base. — The base may be pre])ared in 
methyl-alcoholic solution as described above. Sodium cthoxide and a 
solution of ethyl alcohol may also be used, the yield being over 40 per 
cent.^ By using an alcohol of higher molecular weight the yield is 
increased. Thus the fraction distilled from commercial butyl alcohol 
at 115-5° to 117-5° C. is converted into sodium butylate. This is added 
to hydroxylamine hydrochloride in more of the butyl -alcohol fraction, 
using phenolphthalein as an indicator. The sodium chloride is filtered 
off and the filtrate cooled to 0° C., when hydroxylamine crystallises in 
large white flakes. It may be purified by distillation under reduced 
pressure. The base may also be prepared by distillation of the tribasic 
phosphate, (NH 30 ) 3 P 04 , in a vacuum. The yield is about 40 per cent.® 
Properties of the Base. — Hydroxylamine is a colourless solid, 
crystallising in leaves or needles and having a density at 0° C. of 1-2255 
(Bruhl). It melts at 32° to 33° C. and boils at 56° to 58° C. under 22 mm. 

^ The crystalline compound, which is precipitated on cooling a hot solution of potassium 
hydroxylamine sulphonate in 22 per cent. KNOg solution, was regarded by Raschig as a 
derivative of (H0)2N.S03H, but it is more probably a potassium nitrite hydroxylamine 
disulphonate, KN02.H0.N(S03K)2 (Divers and Haga, Trans. Chem. iSoc., 1900, 77, 432). 

2 Divers and Haga, ibid. 

^ Divers and Haga, ibid., 1894, 65, 523. 

Tafel, Zeitsch. anorg. Chem., 1902, 31, 289. 

® Lecher and Hofmann, Ber., 1922, 55, 912, 

® Uhlenhuth, Annalen, 1900, 31 1, 117. 
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])ressure. Tlu‘ density of the vapour under these conditions sliows a 
normal molar \vt‘i^dvt. ^’ “ The rc^fractive indices for several wave-lengths 
hav(‘ lK‘(‘n dt‘((‘rmiiu‘d ; for t h(‘ sodium line, n 1 • ttO tT. The molecular 
rt‘fraetion for lh(‘ sodium rm(‘ is 

Pur(‘ hydrox\iamini‘ is d<‘li<{uescent in air, wry soluble in water and 
in nu'thyl and (‘Ihyl alcohols, but scarcely dissolves in typical organic 
solv(‘nts such as (‘llu'r and chloroform. It may be recryvstallised, 
however, from boiling <'tluT. Tlu' solid is very unstable and begins 
to th‘(‘ompos(‘ slowly (‘Vtai at ordinary tempea'atures, explosively over 
100'* It also (U'composes in solution, (‘sp(‘cially in the })resence 

of alkali. Th(‘ products arc‘ NII.^, No, and, to a, smaller extent, N 2 O. 

ONHoOII NHvI No I alloO - . . (1) 

•tNIUOn YNlIji I N./) 1 all^O . . 

ir more (‘ombiiu'd oxygtai is pnsst'ut, as in th(‘ nilrat(‘ and nitrit(% the 
ammonia is (‘ompletely oxidised, and th(‘ products ar(‘ nitric and nitrous 
oxid(‘s and wal(a*. A eomparisiJU of thes(‘ with lh(^ d(‘comj)osition 
produ(‘ts of ammonium nitralt‘ and nilril(‘ shows (‘lc‘a.rly that hydroxyl- 
amiiK' is oxyanmumia : 

Nno()n.UN().j 2Mo() I 2N(), 

NTl^OILIlNOo 2n“() I NoO. 

Properties and Reactions of Ilydroxylamine Salts. Deeoin- 
jHhsition (ff Salts hjf Heat, 'the hydroehlorid(Mh‘compos(‘s in a. sonu^wlutt 
similar manma' n\ about 1.50' ('. In the pr(\s<‘n(‘(‘ of alkali only a little 
niirotts oxid(‘ is formed, in aeeordane<‘ with (‘([nation (1) a.bov(^ In 
th(‘ pn'stmet' of acids tin* r(‘aclion is displn<H‘d in th(‘ dir(H‘lion of 
(‘(jualion (2). Tlu* ehang<‘ may oe<‘ur t hrough inl(‘rmt‘diatt‘ couipotinds : 
(irst two moleeuh's (jf hydroxylamim* give hydroxyhydra'/jn(% 
HOJIN.NUo; this is (‘onvert(‘d into th(‘ diamidi* of nitrous acrid, 
n().N(NH 2 )* which is hydrolyst‘d to anutionia and nitrous a,<*id ; the 
latter reacFs with tnon' hydroxylamiiu' to giv(‘ nitrous oxid(‘. In th(‘ 
pn*senc<‘ of hydra'/in<‘ hydrochlorid<‘, hydroxylaminc* hydrochloride* ch*- 
c(unp<sst‘s at about 150 “ i\ The* products are nitrog(*n and ammonium 
(*hlorid(‘ : 

2NIL/)H i KJlyllVl 2NTI,('l 1 N.^ I ‘ill/).^ 

lieaetitais af Ht/drfhri/lainine Salts, I lydroxylamiiu^ and its salts are 
po\V(‘rfuI reducing agents, tlu* products lacing oxidc’s of niirog<*rg 
nitrogi*n, or nitrous acrid, aecordiiig to cir(‘umslanc<‘s. At the* same* 
time it is i*apiibh‘ of ac‘ting as an oxidising agemt, (‘spc'caally in alkaliiur 
solution, wlu*n it is all prcrsc'iit ns fr(*(* latsc*. Hie produc^l. of th(‘ redaction 
is theu ammeuun. 

Atmchspberie oxygc‘u, (‘Specially in the* pnrsc'iua* of alkali, oxidises it 
rajadly to uxulvs of nitrogem. Strong oxidising ugemts, such as chlorine, 
p()tassium pcTinanganate, (*t(’., may cause* intlammation. Salts of 
nu*reury, silvi*i% gold, and platinum an* redue<‘d with [inaripitatiou 

* di' Hnun, /6r*. Trnr. rhim.„ IHIH. 10, lUO j II, IH, 

* iinihU'/Irr., iHOa, 26 , ‘idUH; 1801.27.1347. 

'r«mUicr, Ziiist'h, UMl2. 40.f475. 

* R rtlirint, i'rtmpi. n ml,^ 1878, 83 , 473. 

* Hrithrln! ami Afidrt% ihid., I8mi. tUh H3U. 

** liofiiifinn mid Kmll, //fr., 1034. 57 , |B|. 937, 
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of the metal. Cupric salts are reduced to cuprous oxide in alkaline 
solution : 

4CuS04+2NH20H+8Na0H=2Cu20+N20+4Na2S04+7H20. 

This affords a delicate qualitative test, and also a method of esti- 
mating hydroxylamine by means of Fehling’s solution. ^ As a qualitative 
test it is sensitive to 1 in 100,000 parts of solution. Ferrous iron in 
alkaline solution is oxidised to the ferric state. ^ Thus : 

NH20H-l-2Fe(0H)2+H20=2Fe(0H)3+NH3. 

In weakly acid solution ferric chloride is reduced, giving ferrous 
chloride and nitrous oxide. When boiled with ferric chloride and a 
moderate amount of acid it is oxidised quantitatively to NgO. The 
titration of the ferrous salt with permanganate allows a quantitative 
determination of the hydroxylamine, 

2NH20H+02==3H20+4N20.3’ ^ 

If there is only a small excess of ferric salt the oxidation leads to NO : 

2NH20H+30=3H20+2N0. 

In concentrated solutions of sulphuric or phosphoric acids it reacts 
with ferrous sulphate, giving ferric and ammonium sulphates.^ It may 
also be directly oxidised by means of potassium permanganate.® 

Thermochemistry. — The heat of formation of hydroxylamine 
from its elements is positive and about twice as great as that of 
ammonia. The value deduced from the heat of combustion of hydroxyl- 
amine nitrate is 23,700 cals, per mol.'^ That deduced from the heat of 
reduction of the hydrochloride by silver nitrate is 24,290 cals.® 

The heat of neutralisation with strong acids, e.g, FICl, in dilute 
solution is much less — 9260 cals. — thah. that of ammonia — 12,300 cals. 
This is connected with the fact that hydroxylamine is a weaker base than 
ammonia (vide infra). The solution only reacts slightly alkaline. 

The heat of formation of the hydrochloride, NHgOH.HCl, from its 
elements is 75,500 cals.® or 76,510 cals.,® about the same as that of 
solid ammonium chloride. The greater heat of formation of the free 
base is almost exactly compensated by the smaller heat of combination 
with hydrochloric acid. 

Detection and Estimation. — In addition to the qualitative tests 
already mentioned, the following have been described. Sodium nitro- 
prusside gives a magenta colour with a neutralised solution.^® When 
treated with yellow ammonium sulphide and ammonia it gives an 
evanescent purple colour. The appearance of this is accelerated by 
the addition of one or two drops of N/10 manganous sulphate. This 
test will show 0*00005 per cent, of hydroxylamine. Another test 

1 Jones and Carpenter, Tram. CJiem. Soc., 1903, 83 , 1394. 

2 Stabler, Ber., 1904, 37 , 4732. 

^ Raschig, Annalen, 1887, 241 , 190. 

* Bray, Simpson, and Mackenzie, J. Amer. CJiem. Soc., 1919, 41 , 136. 

® Hofmann and KroU, Ber., 1924, 57 , [B], 937. 

® Hofmann and Knspert, ibid., 1898, 31 , 64. 

Berthelot and Andx^, Gompt. rend., 1890, no, 830. 

® Berthelot, Ann. Ghim. PTiys., 1877, [5], 19 , 433. 

® Thomsen, Thermochemistry, transl. by Burke (Longmans, 1908). 

Angeli, Oazzetta, 1893, 23 , ii, 102 . 

Fischer, Ghem. Zeit., 1923, 47 , 401. 
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consists in the addition of an ammoniacal solution of diacetyl monoxime, 
which is converted into the dioxime by the hydroxylamine, and this is 
then identified by the formation of a scarlet precipitate with a solution 
of nickel salt.^ 

In the presence of sodium carbonate or sodium phosphate hydroxyl- 
amine is quantitatively oxidised by iodine, 3 ^nd in the absence of 
other reducing agents it may be determined by means of this reaction. 
It is also oxidised by iodine in acetic acid solution, but in the presence 
of hydrochloric acid the reaction is a balanced one ; hydroxylamine 
will liberate iodine from hydrogen iodide.^ 

Salts of Hydroxylamine. — Hydroxylamine forms crystallised 
salts with acids ; these are extensively hydrolysed and react acid in 
aqueous solution. Hydroxylamine is a monacid base, but these salts 
are only formed in presence of excess of acid. Many characteristic 
salts, with two or three molecules of the base attached to a monobasic 
acid, have been prepared. The salts are in most cases moderately 
soluble in water, very sparingly in ethyl alcohol, insoluble in ether, etc. 

The monohydrochloride, NHgOH.HCl, is formed in the presence of 
an excess of hydrochloric acid. It may be crystallised in pointed 
crystals or leaflets from hot alcohol.^ The density of the solid is 1*67. 
The solubility (grams in 100 grams of water) is 45*57 at 17® C.® It melts 
with decomposition at about 150® C. (see p. 109). When a solution of 
20 grams of the free base in 260 grams of ethyl alcohol is added to one 
containing 42 grams of the hydrochloride in 42 c.c. of water, a crystal- 
line precipitate of dihydroxylamine hydrochloride, (NH 20 H) 2 .HC 1 , is 
thrown down. 

The crystals after washing with alcohol and ether melt at 85° C. 
They are easily soluble in water. A tribasic salt, (NH20H)3HC1, can 
be prepared by similar methods.*^ Hydroxylamine hydrobromide is 
made by the double decomposition of the sulphate and barium bromide. 
It is rather soluble in water. A dihydroxylamine hydro bromide can 
be made by adding more of the free base.^ Plydroxylamine hydriodide 
can be crystallised by evaporation in vacuo. It explodes when heated 
to 83® or 84® C.® The dibasic ^ and tribasic hydriodides are more 
stable. 

Hydroxylamine sulphate is obtained by the method of preparation 
described above, p. 108. It is well crystallised, either in the monoclinic 
or in the triclinic system.^ The solubility in water is high ; according 
to Adams, ^ 100 parts of water dissolve the following weights : — 

fC.=:-S 0 10 20 30 40 50 60 90 

w; =0*307 0*329 0*366 0*413 0*441 0*482 0*522 0*560 0*685 


^ Plirschel and Verhoeff, Chem. Weekblad, 1923, 20, 319. 

- Haga, Trans. Chem. Soc., 1887, 51, 794, 601. 

2 Adams, Amer. Chem. J.y 1902, 28, 198. 

* Hofmann and Kroll, Ber., 1924, 57, [B], 937. 

^ V. Lang, Lieb. Annalen Suppl., 1868, 6, 226. 

® tSchiff and Monsacchi, Zeitsch. physikal. Chem., 1896, 21, 277. 
’ Lossen, Annalen, 1871, 160, 242. 

® Wolifenstein and GroU, Ber., 1901, 34, 2417. 

® Piloty and Ruff, ibid., 1897, 30, 1656. 

Hunstan and Goulding, Trans. Chem. Soc., 1896, 69, 839. 
Preibisch, J. prakt. Chem., 1873, [2], 8, 316, 
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The salt can replace ammonium sulphate in alums, such as aluminiurr 
ferric, and chromic alums. The bisulphate crystallises in prisms fron 
a solution containing the theoretical proportions of the base and acid. 
The nitrate, NHgOH.HNOg, is prepared in solution by the action o 
silver nitrate on the hydrochloride or barium nitrate on the sulphate 
It is very soluble in water, which only yields the salt in a hygroscopi 
mass after evaporation and strong cooling. It is decomposed on heatiii.; 
(see p. 108). 

The phosphites, phosphates, sub-phosphates, arsenates, vanadates, 
the dithionate,^ and the salts of some organic acids, ® are known, a 
well as the ammonium or potassium hydroxylamine salts' of some o 
these acids, Trihydroxylamine phosphate is more sparingly soluble h 
water than the salts considered above, the solubility at 20° C, bein^ 
only 1-9 grams in 100 grams of water. The solution reacts acid. It i 
noteworthy that the tribasic ammonium phosphate is more difficult t< 
prepare. This fact, taken in conjunction with the easy decompositioi 
of the salt (see p. 108), has led to the belief that it should be formulates 
as hydroxylamine-dihydroxylamine-hydrogen phosphate, 

NH 20 H(NH 30 H) 2 HP 04 . 

Addition Compounds. — ^Hydroxylamine forms addition compounds 
analogous to the ammines, with salts of the alkaline earths (includin. 
magnesium) and with those of zinc, cadmium, mercury, manganese 
cobalt, and nickel.® Hydroxylammines of silver and copper, if formed 
cannot be isolated on account of the reduction to metals by the hydroxy] 
amine (see this series, Vol. X.). The derivatives of trivalent cobalt 
e,g, Co(NH 20 H) 6 Cl 3 , are quite analogous to the ammines, Co(NH 3 )gCl 
[Co(NH 3 ) 5 X]X 2 , etc.’« ® 

In the platinum series both platinic and platinous derivatives ar 
known. The compound represented by the co-ordinated formuL 
[Pt(NH 20 H) 4 ]Cl 2 Associates electrolytically ; but [Pt(NH 2 OH) 4 ]( 0 H) 
is not an electrolyte, while the corresponding ammine is one, an< 
reacts alkaline. Also the plato-compound [Pt(NH20H)2X2] is no 
an electrolyte.^' 

Sulphonic Derivatives of Hydroxylamine. — The preparation o 
hydroxylamine j8j3-disulphonic acid and its salts has already beei 
described (p. 108). 

The potassium salt of hydroxylamine ajSjS-trisulphonic acid is mad^ 
by oxidising that of the j8j8-disulphonic acid with lead peroxide or silve 
oxide in alkaline solution. Thus : 

3H0-N(S03K)2+K0H+Pb02 

=2{(S03.K)-0-N(S03K)2}+KN03+2Pb(0H), 


^ Divers, Trans. Ghem. Soc., 1895, 67 , 226. 

2 Hofmann and Kohlschutter, AnnaUn, 1899, 307 , 314; also Hofmann, Zeitsch. anon 
Chem., 1898, 16 , 463. 

2 Sabanejeff, ibid., 1898, 17 , 480. 

^ Lossen, Lieb. AnnaUn Suppl., 1868, 6 , 220. 

" Simon, Bull. Soc. chim., 1906, [3], 33 , 412. 

Schlenk and Weicliself elder, Ber., 1915, 48 , 669. 

" Eeldt, ibid., 1894, 27 , 401. 

® Berl, Dissertation, Zurich, 1901. 

^ Alexander, AnnaUn, 1888, 246, 239. 

Uhlenhuth, ibid., 1900, 31 1 , 120. 
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1 lu‘ n‘a(‘li()ii j)r(>hul)ly {>r()(*(‘<His throuirh an intermediate violet-eoloiired 
nitros(>”disidj)Ii(>nalt% 

ON (SO,K), or (KS(),),--N0^N()---(S0,K).. 

A j)r<‘})aralion ol llu‘ potassium salt ol* the tnsnl})lionie acid has been 
deserilK'd in (ltd ail A 1200 e.e. oT 5N sodium I)isul[)hite is added with 
stirrin^^ t(> a mixture of 1000 o^rains of iee and 150 ^u-ams of eommereial 
sodium nitrile, tju‘ t(‘mp(‘rature not beino- allowed to rise above 5° C. 
1 he* solution is wt'll shak(‘n with 000 < 4 Ta,ms of l(*ad peroxides and warmed 
on a walt‘r-balh, with continued shaking-. The solution is filtered, the 
filtrate* warme*el with SOO grains of lc‘ehnieal j)otassium chloride, and the 
pre*eipitate‘el Pl)(1. niterc'd off. The filtrate, after three days, dep()sits 
the* potassium salt in me)noe*lini(^ prisms. It is dri(‘d on porous plates 
anel ove‘r ealeium chloride*. 

The* salt eTystallis(*s with li me>ls. of water and is easily solulde in 
water. The* senlium salt crystallises with 2 mols, of water (monoelinic) 
anel the* ammonium salt with \h mols. of water (rhombic). The 
m*utnd e>r alkaline* se)hdie)ns are* stable. The* acid sohitions are hydro- 
lyse*el on warmin<,^ u^vin^ as a, first pre)eluet a salt of the a/J-disulpKonie 
aeiei, K() SO^ () Nil wSO^K. This is isonwrie with the j8j8-di- 
sulphonate*, but eliff(*rs freim it by (*rystallisin^ aidiydre)us, a,nd ^dviit<»‘ 
no <*ede>ur with alkaline* le*ael f)ere>xi(ie‘. It is distin^mished from the 
t risulphcauite* by its stability at lOO" (•. The sexlium and anuuoi\iuin 
salts are* nlse> kne>wn,"‘ 

The* pre‘paratie)n of the* et/J“Sul[)hemate‘ is e*ffe*<‘.te*d by dissol vin|L,^ >l<20 
I 4 ;rams ed' the* elry trisulphemate* in 800 e.e*. e)f boiling' wale*!* which ce)U- 
tains I e.e*. ed* elilede* IIV\. Any le‘aei sulphate is re*me)veel, at\d the 
filtrate* de'pe^sits the* pedassimti salt in (‘e)le)urle‘ss crystals, the* yie*lel bedn^jj 
ahead ‘JO per (‘e‘ut. of the t he‘e)reti(*al. ^ The salts (‘e)ntain three atoms 
of alkali me'tal per moh'cide* ed* compound e)r ate>m of nitre)^a‘n, a,nd it 
is tlu'refejre te> In* su|)pe>s<*el that the hydre)):^en of the imine)“<jfre)up is 
al.se» repla<‘e*d, ^dvin^, e./f., () NK SOjjK. 21120. The partial 

hyeirtdysis ed* tins ceunpound rtiay possibly i^dve* the; mono-ex-sulpiionic 
neid, (S().|I1) O NTI^^ since the* solutie)n at one sta;^a* sets rre*e 
iodine* freun pedassituu ieKlide*, a re‘uelion whiedi (1 (h*s not take place; with 
liyelre»xylnininc* itself or with the* /?-aeiel. The* a-aeid mi|^dd., howeve*r, 
be'havt* ns an oxidisini.? a‘^e*nt, sine‘(‘ it may be* r(*^uird(‘d as the amide 
id* p«*rmemo“Stdphunc a,eid, (HO^H) () OH.** This a, or isosul[)honic 

acid has lH‘e‘n pr(‘|)are*el as a mieroe*rystalline‘ powd(‘r by the action of 
<*ble>r.suipheau(* ax’tel on hydroxyhuninc hydrochle>rid(;.*'* 

‘ Hiwrldg, fUr„ H) 2 a, 56 , 1 B|. 20(5. 

^ thw,}i, Tmna. (%m. Sur.^ UMM, 8$, lOH. 
a-RiimOdK. 100(5, 39 , 24f>. 

* tbigii, Tram, ('hvui. Sar., UMK5, 89 , 2-tO. 

Suineuri* and Ttanplin, /Av., lOM, 47t 1221. 
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NITROGEN AND THE HALOGENS. 

Nitrogen Halides. — The only definite compounds of nitrogen with 
halogens which have been prepared are the chloride, NCI 3, and the 
iodide, N2I3H3. Nitrogen fluoride was thought to be obtained by the 
electrolysis of ammonium fluoride,^ but this was shown later to be the 
chloride derived from the ammonium chloride as impurity.^ Nitrogen 
bromide is stated to be formed by adding potassium bromide to nitrogen 
chloride under water, when an explosive dark red oil is obtained.^ 

Nitrogen Chloride, NCI3. — This compound was first isolated by 
Dulong in 1811 , by the action of chlorine on aqueous ammonium 
chloride : ^ 

NH4CI + 3 C 1 2 =NCl 3 + 4 HCl. 

The preparation of this explosive substance may be safely effected 
by inverting a 2-litre flask filled with chlorine over a leaden capsule in 
a warm saturated solution of ammonium chloride. Small oily drops of 
the nitrogen chloride form on the sides of the flask and collect in the 
capsule, while absorption of the ammonium chloride takes place into 
the flask. Only small quantities of the compound are allowed to 
accumulate in the capsule, which is removed by tongs and replaced by 
a fresh one^ 

Nitrogen trichloride separates at the anode during the electrolysis 
of a saturated solution of ammonium chloride at 28 ® C.® 

Ammonium chloride reacts with a solution of hypochlorous acid^ 
to form nitrogen trichloride, also with sodium hypochlorite,’ or a 
suspension of bleaching powder in water (calcium hypochlorite).® A 
convenient method is to add 300 c.c. of a solution (20 per cent.) of 
ammonium chloride to 3 litres of a suspension of bleaching powder in 
water containing 22-5 grams of active chlorine saturated with hydrogen 
chloride. This reaction mixture is shaken with 300 c.c. of benzene, in 
which the nitrogen trichloride dissolves, and this benzene solution is 
poured through a filter containing 20 grams of calcium chloride. The 
dried solution thus obtained contains about 10 per cent, of nitrogen 
chloride. 

A modification of this method is to carry out the experiment at 
0® C., omitting the hydrogen chloride and the benzene.^ 

^ Warren, Chem. News, 1887, 55 , 289. 

2 RufE and Geisel, Ber., 1903, 36 , 2677. 

2 Millon, Ann. CMm. Phys., 1838, [ 2 ], 69 , 75- 

^ Dulong, Ann. Ckim., 1813, 86 , 37. See also Noyes and Lym, Amer. Chem. J., 1900, 
23 , 460 ; Bray and Dowell, J. Arner. Chem. Soc., 1917, 39 , 905. 

® Kolbe, J. jpraht. Chem., 1847, 41 , 137 ; Meyer, Ber., 1886, 21 , 26 ; Hofer, Chem. Zeit., 
1896, 20 , 470. 

® Balard, Ann. Chim. Phys., 1834, (ii), 57 , 225. 

’ Hentschel, Ber., 1897, 30 , 1434, 1792. 

® Hentschel, ibid., 1897, 30 , 2642. 

® Rai, Chem. News, 1918, 253. 
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Anhydrous ammonia, and (‘hlorine react to ^ive lutro^ren trichloride, 
much of whicli decomposers into nitro^vn arul chlorine either directly 
or by tlu' act ion of tlu' ammonia.^ 

Praperties. Nit ro^aai chloride is a yellow volatile oil with a })uuo'eut 
smell n‘st‘ml)liu^ ehIoriiu‘, the vapotir of which attacks the eyes and 
mucous nu‘mhram\ Tlu^ deaisity is 1*(>5.*J and boilin^r-point 71^^ C. 
Wlu'U }u‘attMl ahovt‘ (b it deeom})()ses explosivc'ly into its elements. 
It explod(‘s viohaitly wlum ex[)osed to strong li^ht or when brought 
into contact witli many substances, such as ozone, [diosphorus, arsenic, 
alkalies, and organi<r matter. Thus a l<rather dip})ed in turpentine and 
appli(‘d to a small droj) of the oil detonates it immediately. Ciencrally 
spt‘aking, it is stable in tlu* presence ol* itietals, strong acids, resins, and 
sugars. ()rgani<‘ soiv(‘nts dissolve nitrogen chlorid(r, giving highly re- 
fra<‘tiiig yt‘Ilow solutions whi<*h are stabl(‘ in the dark, l)ut gradually 
dccompcKSi* when (‘xposcxl to light. 

Many experinumters huv(r sufferred from the explosiva^ [)roperties of 
this substance, includiiig Dulotig, Faraday, and Davy. 

The htrat (^f formation is given as ;hS-t77 Gals.'*^ A more recent 
ch‘tcrminntion gives the lu^at of formation of tlic (‘ompound in carbon 

tctrachloridt* from gaseous nitrogen and gaseous chlorii\e as 54-7()0 

(’uls.r* 

Nitrogem <‘lilond(* is hydrolysed by water to ammonia and hypo- 
c‘hh»n>us neid,^ 

NCTj i rNUa t allClO; 

wliieh is probably an explanation of the ready formation of ammonia, 
and also of tin* greater sohdality of the com}>ound in hydrochloric^ ac^id 
than in sidphuric* u<‘id, as tlu‘ fornu'r redacts with the hyj)o(‘hlor()ns a(‘id. 
11ms, when a earbon-tet raehloridc' solution of nitrogen (‘hloriti(‘ is shakiai 
with moderately eoneetdrated hydroehlorie acid and the acpieous 
M»ltition (frtH'd from t'Xeess Ndjj) boiled with potassium hydroxide, a 
quantity <»f ammonia is evcdvcsl : ^ 

Nd, ^NH^ i nncio, 

lUIO ( IK U I HgO, 

NH, i HCU 

The henzem* solution of nitrogeii chloride may be uscsl as a chlorinat- 
ing agent for <»rgnnic eompouncls.^* A<(ueous solutions of ammonimu 
chloride deetiinpose nitrogen chloride the eoueeutrated solution (gnekly 
and the dilute solution mor<‘ slowly : 

NII,(1 i N(1,-N, 

(^nmtituiiofh The fornuda NFI., was first assigned by Dulong,’ 
altluHigli Daw cxmsidtavd tlud th<*r<^ was ehlorim^ in exex^ss of that 
rec|uired by this fiirmula, wliile some later investigators ciomduded tliat 

* iiad ItiiW, J, Aumr, ('hem. Sar.^ 1020, 42, 21(57. 

‘‘I'riHwtt, rrnd.f IHtlH, 69 , *204, 

^ Kuyvu, J, Amrr. Soe,, 11125, 47, 152(5. 

* /Irr., IHIH, 27, 1012. 

® C'|yi|imiia iiiul Tram. ('hnn. UM)9, 95» *tl. 

» /irr., inn?, 30; imm, 3 x,24«. 

Sehwritjiirr^ IH12, 8, 52. 

* Dtuy,' Phil TmuM,, 1H15, X03, 1, 242. 
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hydrogen was also present.^ Gattermann,^ however, found that the 
amount of chlorine present closely agreed with that for NCI 3, by de- 
composing nitrogen trichloride wdth ammonia, and estimating the 
chlorine in the resulting ammonium chloride as silver chloride. This 
result has been confirmed.^ 

Nitrogen Iodide, N2H3I3. — very explosive compound of nitrogen 
and iodine, discovered by Courtois in 1812 , was investigated later by 
Serullas,^ who prepared it by the action of an alcoholic solution of 
iodine on aqueous ammonia. 

The action of strong ammonia solution on solid iodine also produces 
the substance as a black powder, which can be filtered off 

Alcoholic solutions of iodine and ammonia produce the same 
compound.® 

A convenient method is to add gradually a solution of iodine in 
potassium iodide to aqueous ammonia, when a black precipitate 
separates.*^ 

The reaction between iodine and ammonia appears to proceed in 
three stages.® Firstly, hypoiodous acid and ammonium iodide are 
produced : 

NH^OH+Ig^HOI+NHJ ; 

and the hypoiodous acid further combines with ammonia to form 
ammonium hypoiodite : 

NH4OH+HOI =NH4lO -f H2O. 

Finally, the ammonium hypoiodite decomposes into nitrogen iodide : 

3NHJ0^N2H3l3+NH40FI+2H20. 

The last reaction is apparently reversible, as the nitrogen iodide 
redissolves in strong ammonia.® 

Ammonium iodide and bleaching-powder solutions also give the 
explosive nitrogen iodide.^® 

Properties , — Nitrogen iodide exists in the form of flattened needles 
which are copper-coloured by reflected light and red by transmitted 
light, with a density of 3 - 5 . It is one of the most explosive of substances ; 
when dry it will explode spontaneously or by the lightest contact, even 
that of a feather. Warming or exposure to strong light also causes its 
explosive decomposition, and in all its reactions it tends to break down 
into nitrogen and hydrogen iodide. 

The composition of nitrogen iodide has been the subject of much 
investigation, but it seems that the usual product of ammonia and iodine 
is NI3.NH3. Sodium sulphite is oxidised to the sulphate according to 
the following equation : — 


^ Porret, Wilson, and Kirk, Gilberts Annalm, 1813, 47, 56, 69 ; Gladstone, Trans. 
Chem. Soc.j 1854, 7, 51. 

^ Gattermann, Ber., 1888, 21, 755. 

* Chapman and Vodden, Trans. Ghem. Soc., 1909, 95, 138. 

^ Serullas, Ann. Chim. Phys., 1829, (ii), 42, 200. 

^ Stas, Gesetze der Proportionen, Leipzig, 1867, p. 138. 

® Bunsen, Annalen, 1852, 84, 1. 

’ Schonbein, J. praht. Ghem., 1861, 84, 385; Guyard, Gompt. rend, 1883, 97, 526; 
Ann. Ghim. Phys., 1884, [6], 1 , 358. 

® Seliwanow, Ber., 1894, 27, 1012. 

® Chattaway and Orton, Amer. Ghem. J., 1900, 24, 331. 

Gladstone, loc. cit. 
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SNaaSOg+NaHsIa+SH^O^SNaaSO^+SNHJ+HL 

The reaction between nitrogen iodide and zinc ethyl confirms the 
composition N2H3I3 : ^ 

N 2 H 3 l 3 + 3 Zn(C 2 H 5 ) 2 = 3 ZiiC 2 H 5 l+NH 3 +N(C 2 H 5 ) 3 . 

A black explosive compound is obtained when silver nitrate is added 
to nitrogen iodide suspended in water, ^ which has the composition 
Nl 3 .AgNH 2 .i 

The hydrolysis pf nitrogen iodide by water proceeds according to the 
equation ^ 

N 2 H 3 l 3 + 3 H 20 :^ 2 NH 4 lO+HIO. 

Many substances are readily oxidised by nitrogen iodide : hydrogen 
iodide liberates iodine, hydrogen chloride forms iodine chloride, hydrogen 
cyanide gives iodine cyanide, ICN, and alkalies form a mixture of iodide 
and iodate. 

At low temperatures a number of addition compounds of nitrogen 
iodide can be produced, such as NI3.2NH3, NI3.3NII3, and Nl3.12NIT3.^ 

Monochloramine, NH2GI. — Gattermann ^ came to the conclusion 
that the chlorination of ammonia occurs in three stages : 

(1 ) NH3+CI2 =NH2Cl(monochloramine) +HC 1 , 

(2 ) NH2CI +C 1 2 =NHCl2(dichloramine ) +HC 1 , 

( 3 ) NHCl2+Cl2=NCl3(trichloramine)+HCl ; 

but it was not found possible to isolate either mono- or di-chloramine by 
this method. Raschig,® however, prepared monochloramine by mixing 
dilute equimolecular solutions of ammonia and sodium hypochlorite, 
and distilling the mixture at low temperatures in a vacuum : 

NH3 +NaOCl =NH2C1 +NaOH. 

An unstable yellow liquid is obtained which can be solidified into 
colourless unstable crystals with melting-point —66° C. 

Monochloramine is also produced by the hydrolysis of potassium 
chloramino-sulphonate with dilute mineral acids : 

NHCLS03K+H20=NH2C1+KIIS0,. 

Monochloramine is decomposed by alkalies with the formation of 
ammonia and nitrogen : 

/ (i) 8NH2CI+3KOII-NII3+N2+3KCI+3II2O, 

\(ii) 3NH2CH-2NH3 =:N 2 + 3 NH 4 C 1 ; 

but at the same time some of the ammonia reacts with the chloramine 
to produce a small amount of hydrazine hydrochloride : 

(iii) NH2C1+NH3=N2H4-HCL 

Monochloramine reacts with potassium iodide to form nitrogen iodide. 

^ Bilberrad, Tra^ia. Chem. Soc.y 1905, 87 , 55, OG. 

Szuhay, Ber„ 1893, 26 , 1933. 

3 Hugot, Ann. Ghim. Fhys., 1900, (vii), 21 , 5 ; Ruff, Ber., 1900, 33 , 3025. 

^ jGattermann, ibid., 1888, 21 , 755. 

^ Raschig, Verh. Gcs. deut. N aturf orach. Aerzte, 1907, ii, i, 120. 
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Nitrosyl Fluoride, NOF. — Nitrosyl fluoride is prepared by passing 
nitrosyl chloride over silver fluoride in a platinum tube heated to 
2()0°"-250*^ C., and condensing the gas in a platinum receiver immersed 
in liquid air. The liquid is purified by fractional distillation at a low 
temperature : ^ 

NOCl + AgF = AgCl +NOF. 

Propertiefi . — At ordinary temperatures nitrosyl fluoride is a colourless 
gas, which liquefies at — 56° C. and solidifies at — 134° C. The vapour 
density (compared with air as unity) at 760 mm. and 23° C. is 1-683, 
which agrees with the formula NOF. 

Chemically the gas is very active, many substances reacting with it 
in the cold. Thus sodium, silicon, boron, phosphorus, and antimony 
inflame, producing the corresponding fluoride and evolving nitric 
oxide. Lead, antimony, bismuth, and copper are only slowly attacked ; 
while sulphur, carbon, and iodine are without action even on heating. 
Arsenic and antimony pentafluorides form additive compounds with 
nitrosyl fluoride.^ 

The gas fumes in moist air, owing to the formation of hydrogen 
fluoride and nitrous acid, which decomposes, producing brown fumes. 

Nitrosyl Chloride, NOCl. — (1) Nitrosyl chloride may be prepared 
in many ways. It was first prepared by Gay-Lussac by the direct union 
of nitric oxide and chlorine : ® 

2NO+Cl2=2NOCl. 

(2) The most convenient method for producing pure nitrosyl 
chloride is by the decomposition of aqua-regia.^ A mixture of 1 volume 
of concentrated nitric acid (sp. gr. 1-42) and 4 volumes of hydrochloric 
acid (sp. gr. 1-16) is gently warmed, and the nitrosyl chloride and 
chlorine dried by means of calcium chloride. The dried mixture of 
gases is then led into concentrated sulphuric acid, which forms nitrosyl- 
sulphuric acid with the nitrosyl chloride, while the chlorine and some 
hydrogen chloride pass on : 

/OH 

N0C1+S02(0H)2=S02< +HC1. 

\ONO 


1 Kuff and Stauber, Zeitsch, anorg. CJiem.^ 1905, 47 , 190. 

Ruff and Stauber, ibid. ; 1908, 58 , 326. 

^ Gay-Lussac, Ann. Chim. Phys., 1848, [3], 23 , 203. See also Wourtzel, J. Ohim. 

1913, II, 214 ; Trautz, Zeitsch. anorg. Ghem., 19i4, 88, 285 ; Franccsconi and Bresciani, 
Atti It Accad. Lincei, 1903, [5], 12 , 11, 75 ; Boubaoff and Guye, J. Chim. j)hys, 1911, 9 , 
290. 

* Tilden, Tram. Chem. Soc.^ 1860, 13 , 630; Girard and Pabst, Bull. Soc. chim., 1878, 
(ii), 30 , 631. 
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The nitrosyl-sulphuric acid is decomposed by dropping the saturated 
sulphuric-acid solution on to dry sodium chloride : 


S02< 


OH 

-fNaCl-SO 

ONO 



+NOCL 


(3) Dry hydrogen chloride passed into liquid nitrogen trioxide 
evolves nitrosyl chloride, which is not quite pure : ^ 

2 HCl-fN 203 = 2 N 0 Cl+H 20 . 

The following methods have been used for the preparation of nitrosyl 
chloride, but none of them give as pure a product as that given 
under ( 2 ) : — 

(4) Distillation of potassium nitrite with phosphorus pentachloride : 

KNO 2 + PCI 5 =NOCl +KC 1 +POCI 3 . 

(5) Nitric oxide decomposes ferric chloride at a high temperature : ^ 

reCl3+NO=FeCl2+NOCl. 

( 6 ) Nitrosamines react with hydrogen chloride : ^ 


R 2 N.NO +HC1 =R2NH+N0CL 


Properties. — Nitrosyl chloride is a yellow gas at ordinary tempera- 
tures, with a suffocating odour. It is readily liquefied by passing through 
a tube immersed in a freezing mixture,* and a red liquid is obtained 
which boils at —5-5° C. at 760 mm.^ The chloride is obtained as a 
yellow solid by further cooling. The melting-point is variously given 
as —65°,^ —60° to —61° C.^ 

The variation in density of liquid nitrosyl chloride with temperature 
is given in the following table : — ® 

Temperature, ° C. —12 —15 —18 —55 

Density . . 1-4165 1-4250 1-4330 1-550 

The critical temperature is 163° to 164° C.^ 

Nitrosyl chloride does not begin to dissociate until the relatively 
high temperature of 700° C. is reached."^ The dissociation into nitric 
oxide and chlorine is attended with the absorption of —14-4 Cals.^ 

The absorption spectrum shows three bands in the red and three 
feeble bands in the extreme green.® 

Nitrosyl chloride is immediately decomposed by water with the 
formation of hydrochloric and nitric acids. Most metals react with the 
gas (gold and platinum are unaffected) to give the metallic chloride 
and nitric oxide : 

Hg+NOCl=HgCl+NO. 


^ Briner and Pylkov, J. Ghim. phys., 1912, 10, 640. 

2 Thomas, CompL rend., 1895, 120, 447. 

^ Lachmann, Ber., 1900, 33, 1036. 

^ van Hoteren, Zeitsch. anorg. Ghem., 1900, 22, 277. 

^ Francesconi and Bresciani, Atti R. Accad. Lincei, 1903, [6], 12, II, 75. 
® Genther, Annalen, 1888, 245, 96 ; Briner and Pylkov, loc. cit 
’ iSudborough and Miller, Ghem. News, 1890, 62, 307. 

® Magnanini, Zeitsch. physikal. Ghem., 1889, 4, 427. 
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of the metal. Cupric salts are reduced to cuj^rous oxide in alkaline 
solution : 

4CuS04+2NH20H+8Na0H=2Cu20+N20+4Na2S04+7H20. 

This affords a delicate qualitative test, and also a method of esti- 
mating hydroxylamine by means of Fehling’s solution.^ As a qualitative 
test it is sensitive to 1 in 100,000 parts of solution. Ferrous iron in 
alkaline solution is oxidised to the ferric state. ^ Thus : 

NH20H-f2Fe(0H)2+H20=2Fe(0H)3+NH3. 

In weakly acid solution ferric chloride is reduced, giving ferrous 
chloride and nitrous oxide. When boiled with ferric chloride and a 
moderate amount of acid it is oxidised quantitatively to N 2 O. The 
titration of the ferrous salt with permanganate allows a quantitative 
determination of the hydroxylamine, 

2NH20H+02=8H20+4N20.3> ^ 

If there is only a small excess of ferric salt the oxidation leads to NO : 

2NH20H+30-3H20+2N0. 

In concentrated solutions of sulphuric or phosphoric acids it reacts 
with ferrous sulphate, giving ferric and ammonium sulphates.® It may 
also be directly oxidised by means of potassium permanganate.® 

Thermochemistry. — The heat of formation of hydroxylamine 
from its elements is positive and about twice as great as that of 
ammonia. The value deduced from the heat of combustion of hydroxyl- 
amine nitrate is 28,700 cals, per mol.'^ That deduced from the heat of 
reduction of the hydrochloride by silver nitrate is 24,290 cals.® 

The heat of neutralisation with strong acids, e,g, HCl, in dilute 
solution is much less — 9260 cals. — ^thah that of ammonia — 12,300 cals. 
This is connected with the fact that hydroxylamine is a weaker base than 
ammonia {vide infra). The solution only reacts slightly alkaline. 

The heat of formation of the hydrochloride, NH 2 OH.HCI, from its 
elements is 75,500 cals.® or 76,510 cals.,® about the same as that of 
solid ammonium chloride. The greater heat of formation of the free 
base is almost exactly compensated by the smaller heat of combination 
with hydrochloric acid. 

Detection and Estimation. — In addition to the qualitative tests 
already mentioned, the following have been described. Sodium nitro- 
prusside gives a magenta colour with a neutralised solution.^® When 
treated with yellow ammonium sulphide and ammonia it gives an 
evanescent purple colour. The appearance of this is accelerated by 
the addition of one or two drops of N/10 manganous sulphate. This 
test will show 0-00005 per cent, of hydroxylamine.^^ Another test 

^ Jones and Carpenter, Trans, Chem, Soc., 1903, 83 , 1394. 

2 Stabler, Ber., 1904, 37 , 4732. 

^ Raschig, Annalen, 1887, 241 , 190. 

^ Bray, Simpson, and Mackenzie, J. Amer. Chem. Soc., 1919, 41 , 136. 

® Hofmann and KroU, Ber., 1924, 57 , [B], 937. 

® Hofmann and Kuspert, ibid., 1898, 31 , 64. 

’ Berthelot and Ancir4, Cornet, rend., 1890, no, 830. 

® Berthelot, Ann. Chim. Phys., 1877, [ 5 ], 19 , 433. 

® Thomsen, Thermochemistry, transl. by Burke (Longmans, 1908). 

Angeli, Gazzetta, 1893, 23 , ii, 102 . 

Fischer, Chem, Zeit., 1923, 47 , 401. 
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consists in the addition of an ammoniacal solution of diacetyl monoxime, 
which IS converted into the dioxime by the hydroxylamine, and this is 
then identified by the formation of a scarlet precipitate with a solution 
of nickel salt. 1 

In the presence of sodium carbonate or sodium phosphate hydroxyl- 
amine is quantitatively oxidised by iodine, 2' ^ and in the absence of 
other reducing agents it may be determined by means of this reaction. 
It is also oxidised by iodine in acetic acid solution, but in the presence 
of hydrochloric acid the reaction is a balanced one ; hydroxylamine 
will liberate iodine from hydrogen iodide.^ 

Salts of Hydroxylamine. — Hydroxylamine forms crystallised 
salts with acids ; these are extensively hydrolysed and react acid in 
aqueous solution. Hydroxylamine is a monacid base, but these salts 
are only formed in presence of excess of acid. Many characteristic 
salts, with two or three molecules of the base attached to a monobasic 
acid, have been prepared. The salts are in most cases moderately 
soluble in water, very sparingly in ethyl alcohol, insoluble in ether, etc. 

The monohydrochloride, NH20H.HCi, is formed in the presence of 
an excess of hydrochloric acid. It may be crystallised in pointed 
crystals or leaflets from hot alcohol.^ The density of the solid is 1*67. 
The solubility (grams in 100 grams of water) is 45-57 at 17° C.® It melts 
with decomposition at about 150° C. (see p. 109). When a solution of 
20 grams of the free base in 260 grams of ethyl alcohol is added to one 
containing 42 grams of the hydrochloride in 42 c.c. of water, a crystah 
line precipitate of dihydroxylamine hydrochloride, (NH 20 H) 2 .HCi, is 
thrown down. 

The crystals after washing with alcohol and ether melt at 85° C. 
They are easily soluble in water. A tribasic salt, (NH20H)3HC1, can 
be prepared by similar methods.*^ Hydroxylamine hydrobromide is 
made by the double decomposition of the sulphate and barium bromide. 
It is rather soluble in water. A dihydroxylamine hydro bromide can 
be made by adding more of the free base.^ Hydroxylamine hydriodide 
can be crystallised by evaporation in vacuo. It explodes when heated 
to 83° or 84° C.® The dibasic ® and tribasic hydriodides are more 
stable. 

Hydroxylamine sulphate is obtained by the method of preparation 
described above, p. 108.^^ It is well crystallised, either in the monoclinic 
or in the triclinic system.^ The solubility in water is high ; according 
to Adams, ^ 100 parts of water dissolve the following weights : — 

0 10 20 30 40 50 60 90 

r£; =0-307 0-329 0-366 0-413 0-441 0-482 0-522 0-560 0-685 


^ Hirschel and Verhoeff, Chem. Weekblad, 1923, 20, 319. 

- Haga, Trans. Chem. Soc., 1887, 51, 794, 661. 

^ Adams, Amer. Chem. J.y 1902, 28, 198. 

* Hofmann and KroU, Ber., 1924, 57, [B], 937. 

^ V, Lang, Lieb. Annalen SuppL, 1868, 6, 226. 

® Schilf and Monsacchi, Zeitsch. physikal. Ghem.y 1896, 21, 277, 
’ Ijosscn, Annalen, 1871, 160, 242. 

^ VVolffenstein and GroU, Ber., 1901, 34, 2417. 

» Piloty and Ruff, ibid., 1897, 30, 1656. 

Dunstan and Goulding, Tram. Chem. 80 c., 1896, 69, 839. 
Preibisch, J. prakt. Chem., 1873, [2], 8, 316. 
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The salt can replace ammonium sulphate in alums, such as aluminium, 
ferric, and chromic alums. The bisulphate crystallises in prisms from 
a solution containing the theoretical proportions of the base and acid.^ 
The nitrate, NHgOH.HNOg, is prepared in solution by the action of 
silver nitrate on the hydrochloride or barium nitrate on the sulphate. 
It is very soluble in water, which only yields the salt in a hygroscopic 
mass after evaporation and strong cooling. It is decomposed on heating 
(see p. 108 ). 

The phosphites, phosphates, sub-phosphates, arsenates, vanadates,^ 
the dithionate,^ and the salts of some organic acids, are known, as 
well as the ammonium or potassium hydroxylamine salts" of some of 
these acids. Trihydroxylamine phosphate is more sparingly soluble in 
water than the salts considered above, the solubility at 20 ° C. being 
only 1-9 grams in 100 grams of water. The solution reacts acid. It is 
noteworthy that the tribasic ammonium phosphate is more difficult to 
prepare. This fact, taken in conjunction with the easy decomposition 
of the salt (see p. 108 ), has led to the belief that it should be formulated 
as hydroxylamine-dihydroxylamine-hydrogen phosphate, 

NH 20 H(NH 30 H) 2 HP 04 . 

Addition Compounds. — Hydroxylamine forms addition compounds, 
analogous to the ammines, with salts of the alkaline earths (including 
magnesium) and with those of zinc, cadmium, mercury, manganese, 
cobalt, and nickel.® Hydroxylammines of silver and copper, if formed, 
cannot be isolated on account of the reduction to metals by the hydroxyl- 
amine (see this series, Vol. X.). The derivatives of trivalent cobalt, 
e.g, Co(NH20H)6Cl3, are quite analogous to the ammines, Co(NH3)6Cl3 
[Co(NH 3)5X]X2, etc.7^® 

In the platinum series both platinic and platinous derivatives are 
known. The compound represented by the co-ordinated formula 
[Pt(NH20H)4]Cl2 dissociates electrolytically ; but [Pt(NH20H)4](OH)2 
is not an electrolyte, while the corresponding ammine is one, and 
reacts alkaline. Also the plato-compound [Pt(NH 20 H) 2 X 2 ] is not 
an electrolyte.®’ 

Sulphonic Derivatives of Hydroxylamine. — The preparation of 
hydroxylamine jSjS-disulphonic acid and its salts has already been 
described (p. 108 ). 

The potassium salt of hydroxylamine ajSjS-trisulphonic acid is made 
by oxidising that of the ^jS-disulphonic acid with lead peroxide or silver 
oxide in alkaline solution. Thus : 

3HO-N(S03K)2+K0H+PbO2 

=2{(S03.K)-0-N(S03K)2}+KN03+2Pb(0H)2. 


^ Divers, Trans. Chem. Soc., 1895, 67 , 226. 

2 Hofmann and Kohlschutter, Annalen, 1899, 307 , 314; also Hofmann, Zeitsch. am.org. 
Chem., 1898, 16 , 463. 

^ Sabanejeff, ibid., 1898, 17 , 480. 

^ Lossen, Lieb. Annalen Suppl., 1868, 6 , 220. 

® Simon, Bull. Soc. chim., 1905, [3], 33 , 412. 

® Schlenk and Weichself elder, Ber., 1915, 48 , 669. 

^ Feldt, ibid., 1894, 27 , 401. 

® Berl, Dissertation, Zurich, 1901. 

® Alexander, Annalen, 1888, 246, 239. 

Uhlenhuth, ibid., 1900, 31 1 , 120. 
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1 lu^ redaction probably proceeds through an intermediate violet-coloured 
1 ) 1 1 r os o - d i s n 1 pi 1 o n at e, 

0N-(S0,K)2 or (KS 03 ) 2 -N 0 ~N 0 -~(S 03 K) 2 . 

A pre|)a, ration of the ])otassiiim salt of the trisiilplionic acid has been 
(l(‘s(‘rib(‘(l in detailA 1200 c.c. of 5 N sodium bisulphite is added with 
stirring to a mixture of 1000 oranis of ice and 150 grams of commercial 
sodium nitrite, the temperature not being allowed to rise above 5° C. 
'Tlu' solution is well shaken with 000 grams of lead peroxide and warmed 
(m a water-bath, with continued shaking. The solution is filtered, the 
lilt rate warmed with 800 grams of technical potassium chloride, and the 
prc‘(!ipitated lh)Cl 2 filtered off. The filtrate, after three days, deposits 
th(‘ potassium salt in monoclinic ])risms. It is dried on porous plates 
and over calcium chloride. 

Thc^ salt crystallises with 1 | mols. of water and is easily soluble in 
Wiit<a‘. The sodium salt crystallises with 2 mols. of water (monoclinic) 
and tiu^ animonium salt with 1 | mols. of water (rhombic). The 
maitral or alkaline solutions are stable. The acid solutions are hydro- 
lyses I on warming, giving as a first product a salt of the ajS-disulphonie 
a(‘i(h K() ~S() 2 "- 0 -~NH"™S 03 K. This is isomeric with the /3j3-di- 
sulpliomitc, but differs from it by crystallising anhydrous, and giving 
no colour with aikalinc lead pcroxicie. It is distinguished from the 
trisulphonatc by its stability at 100 ° C. The sodium and ammonium 
salts arc also known. ^ 

TIk‘ prc])aration of the aj 3 -sulphonatc is effected by dissolving ‘128 
grams of tlu^ dry trisulphonatc in 800 c.c. of boiling water which con- 
tains I ('.c. of dilute IlCl. Any lead sulphate is removed, and the 
lillrat(‘ d(‘posits the potassium salt in colourless crystals, the yield being 
about 00 pen* cent, of the theoretical.^ The salts contain three atoms 
of alkali metal per molecule of compound or atom of nitrogen, and it 
is tlu'reforc to be su|)posed that the hydrogen of the imino-group is 
also replaced, giving, e.g., S 03 K“-- 0 ~NK— SO 3 K. 2 H 2 O. The partial 
hydrolysis of tliis compound may possibly give the mono- a-sidpl ionic 
acid, (S() 3 ll) O — NII 2 , since the solution at one stage sets free 
iodine from potassium iodide, a reaction which does not take ])laec with 
hydroxyhimine itself or with the j 8 -acid. The a-acid might, however, 
b(‘luiV(‘ as an oxidising agent, since it may be regarded as the amide 
of permono-suliihuric acid, (SO 3 H) — O -Oil.^ This a, or isosulphonic 
a(‘id has becai pr(‘|)ared as a microcrystalline ])owder by the action of 
chlorsulphonic acid on hydroxylamine hydrochloride.^* 

^ HiiHC'.hig, Bv/r.y 56 , fB), 2()(>. 

^ ilaga, Trans. Chrm. Hoo., UK)4, 85 , 108. 

Her., 1900, 39 , 245 . 

^ Jiaga, Trans. Chmi. Hoc., 1900, 89 , 240. 

^ SonuiK'r an<l Tmnpliri, Ber.^ 1914, 47 , 1221. 
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CHAPTER VI. 


NITROGEN AND THE HALOGENS. 

Nitrogen Halides. — The only definite compounds of nitrogen with 
halogens which have been prepared are the chloride, NCI 3 , and the 
iodide, N 2 I 3 H 3 . Nitrogen fluoride was thought to be obtained by the 
electrolysis of ammonium fluoride,^ but this was shown later to be the 
chloride derived from the ammonium chloride as impurity.^ Nitrogen 
bromide is stated to be formed by adding potassium bromide to nitrogen 
chloride under water, when an explosive dark red oil is obtained.^ 

Nitrogen Chloride, NCI3. — This compound was first isolated by 
Dulong in 1811, by the action of chlorine on aqueous ammonium 
chloride : ^ 

NH 4 CI +3C1 2 =NCl3+4HCL 

The preparation of this explosive substance may be safely effected 
by inverting a 2 -litre flask filled with chlorine over a leaden capsule in 
a warm saturated solution of ammonium chloride. Small oily drops of 
the nitrogen chloride form on the sides of the flask and collect in the 
capsule, while absorption of the ammonium chloride takes place into 
the flask. Only small quantities of the compound are allowed to 
accumulate in the capsule, which is removed by tongs and replaced by 
a fresh one. 

Nitrogen trichloride separates at the anode during the electrolysis 
of a saturated solution of ammonium chloride at 28° C.® 

Ammonium chloride reacts with a solution of hypochlorous acid^ 
to form nitrogen trichloride, also with sodium hypochlorite,’ or a 
suspension of bleaching powder in water (calcium hypochlorite).® A 
convenient method is to add 300 c.c. of a solution (20 per cent.) of 
ammonium chloride to 3 litres of a suspension of bleaching powder in 
water containing 22*5 grams of active chlorine saturated with hydrogen 
chloride. This reaction mixture is shaken with 300 c.c. of benzene, in 
which the nitrogen trichloride dissolves, and this benzene solution is 
poured through a filter containing 20 grams of calcium chloride. The 
dried solution thus obtained contains about 10 per cent, of nitrogen 
chloride. 

A modification of this method is to carry out the experiment at 
0 ° C., omitting the hydrogen chloride and the benzene.® 

^ Warren, Chem. News, 1887, 55 , 289. 

^ Ruff and Geisel, Ber., 1903, 36 , 2677. 

® Millon, Ann, Ghim. Phys,, 1838, [2], 69 , 75. 

^ Dulong, Ann. Chim., 1813, 86 , 37. See also Noyes and Lym, Amer. Chem. J., 1900, 
23 , 460 ; Bray and Dowell, J. Amer. Chem. Soc., 1917, 39 , 905. 

® Kolbe, J. praht. Chem., 1847, 41 , 137 ; Meyer, Ber., 1886, 21 , 26 ; Hofer, Chem. Zeit., 
1896, 20 , 470. 

® Balard, Ann. Chim. Phys., 1834, (ii), 57 , 225. 

’ Hentschel, Ber., 1897, 30 , 1434, 1792. 

® Hentscliel, ibid., 1897, 30 , 2642. 

® Rai, Chem, News, 1918, 253. 
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Anhydrous ammonia and chlorine react to give nitrogen trichloride, 
much of which decomposes into nitrogen and chlorine either directly 
or by the action of the ammonia.^ 

Properties, — Nitrogen chloride is a yellow volatile oil with a pungent 
smell resembling chlorine, the vapour of which attacks the eyes and 
mucous membrane. The density is 1-653 and boiling-point 71° C. 
When heated above 93° C. it decomposes explosively into its elements. 
It explodes violently when exposed to strong light or when brought 
into contact with many substances, such as ozone, phosphorus, arsenic, 
alkalies, and organic matter. Thus a feather dipped in turpentine and 
applied to a small drop of the oil detonates it immediately. Generally 
speaking, it is stable in the presence of metals, strong acids, resins, and 
Organic solvents dissolve nitrogen chloride, giving highly re- 
fracting yellow solutions which are stable in the dark, but gradually 
decompose when exposed to light. 

Many experimenters have suffered from the explosive properties of 
this substance, including Dulong, Faraday, and Davy. 

The heat of formation is given as —38*477 Cals.^ A more recent 
determination gives the heat of formation of the compound in carbon 
tetrachloride from gaseous nitrogen and gaseous chlorine as —54*700 
Cals. 3 

Nitrogen chloride is hydrolysed by water to ammonia and hypo- 
chlorous acid,^ 

NCla+SHgO^NHa+SHClO ; 

which is probably an explanation of the ready formation of ammonia, 
and also of the greater solubility of the compound in hydrochloric acid 
than in sulphuric acid, as the former reacts with the hypochlorous acid. 
Thus, when a carbon-tetrachloride solution of nitrogen chloride is shaken 
with moderately concentrated hydrochloric acid and the aqueous 
solution (freed from excess NCI 3 ) boiled with potassium hydroxide, a 
quantity of ammonia is evolved : ^ 

NCl3+3H20^NH3+3HC10, 

HClO+HCl^Clg+HgO, 

NH 3 +HC 1 =^NH 4 C 1 . 

The benzene solution of nitrogen chloride may be used as a chlorinat- 
ing agent for organic compounds.® Aqueous solutions of ammonium 
chloride decompose nitrogen chloride — ^the concentrated solution quickly 
and the dilute solution more slowly : 

NH4Cl+NCl3=N2+4HCl. 

Constitution , — The formula NCI3 was first assigned by Dulong,"^ 
although Davy ® considered that there was chlorine in excess of that 
required by this formula, while some later investigators concluded that 

^ Noyes and Haw, J, Amer, Ghem. Soc., 1920, 42, 2167. 

^ Troost, Gompt. rend., 1868, 69, 204. 

® Noyes, J. Amer. Ghem. Soc., 1925, 47, 1336. 

^ Seliwanow, Ber., 1894, 27, 1012. 

® Chapman and Vodden, Trans. Ghem. Soc., 1909, 95, 41. 

« Hentschel, Ber., 1897, 30; 1898, 31, 246. 

’ Dulong, Schweigger\9 J., 1812, 8, 32. 

® Davy, J^hil. Trans., 1813, 103, 1, 242. 
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hydrogen was also present.^ Gattermann,^ however, found that the 
amount of chlorine present closely agreed with that for NCI 3, by de- 
composing nitrogen trichloride with ammonia, and estimating the 
chlorine in the resulting ammonium chloride as silver chloride. This 
result has been confirmed.^ 

Nitrogen Iodide, N2H3I3. — very explosive compound of nitrogen 
and iodine, discovered by Courtois in 1812 , was investigated later by 
Serullas,^ who prepared it by the action of an alcoholic solution of 
iodine on aqueous ammonia. 

The action of strong ammonia solution on solid iodine also produces 
the substance as a black powder, which can be filtered off.^ 

Alcoholic solutions of iodine and ammonia produce the same 
compound.® 

A convenient method is to add gradually a solution of iodine in 
potassium iodide to aqueous ammonia, when a black precipitate 
separates."^ 

The reaction between iodine and ammonia appears to proceed in 
three stages.® Firstly, hypoiodous acid and ammonium iodide are 
produced : 

NH 40 H+I 2 =H 0 IH-NH J ; 

and the hypoiodous acid further combines with ammonia to form 
ammonium hypoiodite : 

NH 40 H+HOI=NH 4 lO+H 20 . 

Finally, the ammonium hypoiodite decomposes into nitrogen iodide : 

3NH4lO^N2H3l3H-NH40H+2H20. 

The last reaction is ap2^are^ltly reversible, as the nitrogen iodide 
redissolves in strong ammonia.® 

Ammonium iodide and bleaching-powder solutions also give the 
explosive nitrogen iodide.^® 

Properties , — Nitrogen iodide exists in the form of flattened needles 
which are copper-coloured by reflected light and red by transmitted 
light, with a density of 3 * 5 . It is one of the most explosive of substances ; 
when dry it will explode spontaneously or by the lightest contact, even 
that of a feather. Warming or exposure to strong light also causes its 
explosive decomposition, and in all its reactions it tends to break down 
into nitrogen and hydrogen iodide. 

The composition of nitrogen iodide has been the subject of much 
investigation, but it seems that the usual product of ammonia and iodine 
is NI3.NH3. Sodium sulphite is oxidised to the sulphate according to 
the following equation : — 


^ Porret, Wilson, and Kirk, Gilberts Annalen, 1813, 47, 56, 69 ; Gladstone, Trans, 
Ghem. Soc., 1854, 7, 51. 

2 Gattermann, Ber,, 1888, 21, 755. 

® Chapman and Vodden, Trans. Chem. Soc,, 1909, 95, 138. 

^ Sernllas, Ann. Chim. Phys., 1829, (ii), 42, 200. 

® Stas, Gesetze der Proportionen, Leipzig, 1867, p. 138. 

® Bunsen, Annalen, 1852, 84, 1. 

’ Schonbein, J. praht. Ghem., 1861, 84, 385; Guyard, Gompt. rend, 1883, 97, 526; 
Ann. Ghim. Phys., 1884, [6], i, 358. 

® Seliwanow, Ber., 1894, 27, 1012. 

^ Chattaway and Orton, Amer. Chem. J., 1900, 24, 331. 

Gladstone, loc. cit. 
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Tlu‘ rcat^tiou IxTweeu nitrogen iodide and zinc ethyl conhrms the 
(•oni|)osiiion ^ 

N,n.jl,j [ 3/ai(CLJl5)2:==:;}ZnC2n5l.f 

A black c‘xplosivc conipouud is obtained wlien silver nitrate is added 
to nitrogen iodide* suspended in water, ^ which has the composition 

Tlu* hydrolysis of nitrogen iodide* by water })roceeds according to the 
(‘(piation 

NJI3I.J t :HU() -2NII^l()4 mo. 

Many .su!)stanee‘s are readily oxidised by nitrogen iodide : liydrogen 
iodid(‘ liberates iodine, hydrogen chloride forms iodine chloride, hydrogen 
cyanide gives iodine* (‘yanide*, IC-N, anel alkalie^s fe)rm a mixture of ieKlide 
and iodaie*. 

At low te*mpe‘rature*s a. numlxT of adelition eeanpounds of nitrogen 
iodide e*an la* preuluerd, such as Nla.^NIL,, NLj.JJNlI.j, and Nl3.12Nll3.^* 

Monochloramiiie, NH.X1L (hittermann came te) the conclusion 
that the* chlorination e^f ammonia oetcurs in thre‘e stagers : 

(1) NH.j ! t1,> NH2(’l(nu)n(>e‘hl()ra,!nine) I* llGl, 

(2) NIIA'l i ('b. Nn(1o(elichle>ramine)d nCl, 

(n) NHGl.^ 1 GU NCd^(lnchh)ranhne*) l"UCl ; 

btd it was not feauid pewsible* to isolates e'ither !n()no- or di-t‘.hloramine by 
this nie*th(»d. Haseliigd’ however, prepareal monoe'hloramiuc by mixing 
dilute* <’e|uimoleeular solutions of ammonia, and sodiinti hypocJiloritc, 
anel distilling the* mixture* at low temperature‘s in a vacuum : 

NH., I NuOCl NlIAd I NaOIl. 

An unstable yellow liejuiel is e)btain(*d whie*li cam be* solidihcd into 
eolourh‘ss unstable* e-rystals with melting-point C. 

Monoe'hloramine is also produced by Iht^ hydrolysis of potassium 
ehloraniiuo-sidphonate* with dilute* mine'ral ac’ids : 

NIK'LSO.K 1 n,() NU.Cl I KHS().i. 

M<Uioe*hh)rainine is de*e*ompose‘d by alkalie's with the formation of 
ammemiu and nit rogen : 

/ (i) :iNUA1 i nKOH NH., | N., I aKGl I MhfK 
\(u) :iNH;c 1-| 2NH, ■ N, I :iNII,Gl; 

but at the* sanie time semu* of the* ammonia re'ucts with the chloramine 
to produce a simdl amount e>f hyelraziue hydreyehlonelc : 

(iii) Kiifi I NHa .Naii^.na. 

Mem(K!hIoratnine r(*aets with pe^tassium iodiek to form nitrogen iodide. 

* Sillwirinl* Sot\^ 87f o.», (Hi, 

' S/tjhiiV. IHUa, 26, lUHH. 

tiu||.Md .Doi. i'him. UMIU, (vit), 21. 5 ; Itulb lUOO, 33, 3025. 

* GiitUTJiiiom, iV/iW., iHHH, 21, 7 .V). 

* Vu'h, iltui, S iitHiJiH'fu'ft, HK)/, II, 1, 120. 
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OXY-HALOGEN DERIVATIVES OF NITROGEN. 

Nitrosyl Fluoride, NOF. — ^Nitrosyl fluoride is prepared by passi 
nitrosyl chloride over silver fluoride in a platinum tube heated 
200°-250'^ C., and condensing the gas in a platinum receiver immers 
in liquid air. The liquid is purified by fractional distillation at a k 
temperature : ^ 

NOCl + AgF =AgC] +NOF. 

Properties . — At ordinary temperatures nitrosyl fluoride is a colourk 
gas, which liquefies at —56° C. and solidifies at —134° C. The vapo 
density (compared with air as unity) at 760 mm, and 23° C. is 1*6J= 
which agrees with the formula NOF. 

Chemically the gas is very active, many substances reacting with 
in the cold. Thus sodium, silicon, boron, phosphorus, and antimo] 
inflame, producing the corresponding fluoride and evolving nit 
oxide. Lead, antimony, bismuth, and copper are only slowly attache 
while sulphur, carbon, and iodine are without action even on heatir 
Arsenic and antimony pentafluorides form additive compounds wi 
nitrosyl fluoride.^ 

The gas fumes in moist air, owing to the formation of hydrog 
fluoride and nitrous acid, which decomposes, producing brown fumes. 

Nitrosyl Chloride, NOCl. — (1) Nitrosyl chloride may be prepar 
in many ways. It was first prepared by Gay-Lussac by the direct uni< 
of nitric oxide and chlorine : ® 

2NO+Cl2=2NOC]. 

(2) The most convenient method for producing pure nitros 
chloride is by the decomposition of aqua-regia.^ A mixture of 1 volur 
of concentrated nitric acid (sp. gr. 1*42) and 4 volumes of hydrochlo] 
acid (sp. gr. 1T6) is gently warmed, and the nitrosyl chloride ai 
chlorine dried by means of calcium chloride. The dried mixture 
gases is then led into concentrated sulphuric acid, which forms nitros] 
sulphuric acid with the nitrosyl chloride, while the chlorine and sor 
hydrogen chloride pass on : 

/OH 

N0C1+S02(0H)2=S02< +HC1. 

\ONO 


1 Ruff and Stauber, Zeitsch. ariorg. Chem., 1905, 47 , 190. 

2 Ruff and Stauber, ibid, ; 1908, 58 , 325. 

3 Gay-Lussac, Ann. Chim. Phys., 1848, [3], 23 , 203. See also Wourtzcl, J, Ckim. phi 
1913, II, 214 ; Trautz, Zeitsch. anorg. Chem., 1914, 88 , 285 ; Franccsconi and Brescia 
Atti B. Accad. Lined, 1903, [5], 12 , II, 75 ; Boubaoff and Guye, J. Ohim. phys, 1911, 
290. 

^ Tilden, Tram. Chem. Soc., 1860, 13 , 630; Girard and Pabst, Bull Soc. chim., 18 
(ii), 30 , 531. 
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i^itrosyl-sulphuric acid is decomposed by dropping the saturated 
Tiaric-acid solution on to dry sodium chloride : 

/OH 

S02< +NaCl=SO 
\ONO 

Dry hydrogen chloride passed into liquid nitrogen trioxide 
nitrosyl chloride, which is not quite pure : ^ 

2HC1+N203=2N0C1+H20. 

following methods have been used for the preparation of nitrosyl 
t'idle, but none of them give as pure a product as that given 
( 2 ):— 

) Distillation of potassium nitrite with phosphorus pentachloride : 
KNO2+PCI5 =NOCl +KC1 +POCI3. 

B ) Nitric oxide decomposes ferric chloride at a high temperature : ^ 
FeCla+NO ^FeCla+NOCL 

0 ) Nitros amines react with hydrogen chloride : ^ 

R2N.NO+HCI -RaNH+NOCL 

^^ojperties . — Nitrosyl chloride is a yellow gas at ordinary tempera- 
B 5 with a suffocating odour. It is readily liquefied by passing through 
ilbe immersed in a freezing mixture,* and a red liquid is obtained 
Ha boils at —5*5® C. at 760 mm.^ The chloride is obtained as a 
>w solid by further cooling. The melting-point is variously given 
-65°,^ -60® to —61® C.^ 

Vhe variation in density of liquid nitrosyl chloride with temperature 
veil in the following table : — ^ 

Temperature, ® C. —12 —15 —18 —55 

Density . . 1-4165 1-4250 1-4330 1-550 

eritical temperature is 163® to 164® C.^ 
sTitrosyl chloride does not begin to dissociate until the relatively 

1 temperature of 700® C. is reached.’ The dissociation into nitric 
[0 and chlorine is attended with the absorption of —14-4 Cals.^ 

Che absorption spectrum shows three bands in the red and three 
de bands in the extreme green.® 

STitrosyl chloride is immediately decomposed by water with the 
cxation of hydrochloric and nitric acids. Most metals react with the 
(gold and platinum are unaffected) to give the metallic chloride 
nitric oxide : 

Hg+NOCl =HgCl+NO. 


^ Briner and Pylkov, J. Ghim. jphys.j 1912, 10, 640. 

Thomas, Compt. rend., 1895, 120, 447. 

^ Lachmann, Ber., 1900, 33, 1035. 

^ van Heteren, Zeitsch. anorg. Ohem., 1900, 22, 277. 

^ Prancesconi and Bresciani, Atti M. Accad. Lincei, 1903, [5], 12, II, 75. 
« Geuther, Annalen, 1888, 245, 96 ; Briner and Pylkov, he. cit. 

Sudboroiigh and Miller, Ghem. News, 1890, 62, 307. 

® Magnanini, Zeitsch. physikal. Ghem., 1889, 4, 427. 
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Metallic oxides and hydroxides form corresponding nitrites auc 
chlorides ; ^ 

2K0H+N0C1=KN02+KC1+H20. 

Many metallic chlorides form additive compounds with nitrosy 
chloride, e.g. CuCl.NOCl, BiCl 3 .NOCl, ZnCl^.NOCl, FeClg.NOCl 
SnCl 4 . 2 NOCl, SbCl 3 . 5 NOCl, AUCI 3 .NOCI, PtCl 4 .NOCl. The last twc 
compounds are stable towards heat and may be sublimed, but th( 
majority of these substances decompose on heating with evolution o; 
chlorine or nitric oxide : 

CuCl.NOCl =CuCl 2 +NO. 

Unsaturated organic compounds also form additive compounds : 
>C=C<+NOCl ^ >C(NO)--C(Cl) <. 

Amines are decomposed with the formation of chlorides and evolu 
tion of nitrogen : ^ 

R.NHa+NOCl^RCl+Na+HaO. 

Sulphur trioxide reacts with nitrosyl chloride to form nitroso 
sulphuryl chloride. 

Nitrosyl Bromide, NOBr. — The direct union of nitric oxide wit] 
bromine occurs when the gas is led into bromine till no further absor])tio] 
takes place at temperatures between —7° and —15° C.^ If the tem 
perature is above —7° C., the additive compound NOBr.Brg is formed, 

Sodium bromide and nitrosyl sulphuric acid react to form nitros}/ 
bromide : ^ 

/OH /OH 

NaBr+S02< =S02< +NOBr. 

\ONO ^ONa 

Properties . — Nitrosyl bromide is a brownish-black liquid, boiling a 
— 2° C. with dissociation. Generally speaking, nitrosyl bromide show 
very similar properties to nitrosyl chloride. 

The heat of formation of nitrosyl bromide is between 9*000 an 
10-500 Cals.5 

The fusion curve of bromine and nitric oxide shows a eutectic a 
—40° C. corresponding to NOBrg or NOBr.Brg, and another at — 55 ° ( 
which corresponds to NOBrg and NOBr. 

The compound NOBrg is a brownish opaque liquid which boils a 
32° C. with decomposition. The density at 20 ° C. is 2-637. 

The heat of formation at 22 ° C. is 27*000 Cals.^ 

Nitryl Fluoride, NOgF. — This compound is obtained by the actio 
of nitric oxide on fluorine at the tem]>erature of liquid air : ^ 

4N0+F2=2N02F-fN2. 


^ Sudborough, Trans, Gheyn. Soc., 1891, 59, 055. 

- Solonina, J. Russ, Phys, CJiem, Soc., 1898, 30, 431. 

Landolt, Annalen, 1861, 116, 177. 

" ^ Girard and Pabst, Bull, Soc, chim,, 1878, (ii), 30, 531. 

Trantz arid Dalai, Zeitsch, anorg, Che^n,., 1920, no, 1. 

® Moissan an^ Lebeau, Compt. rend., 1905, 140, 1573, 1021. 



OXYAlMAHWm DERIVATIVES OF NITROGEN. 


121 


At ortliiiarv l(‘iu|)(‘ratiin‘s nilryl (luoridc is a (‘olourlass, |)un](»'cnt- 
snu‘liin,u i»as, which attacks the mucous membrane. The liquid boils at 
and solidities at DTJ'" C, to a colourless solid. The vapour 
density is 2*24> (<‘om[)ured with air- 0), which is almost identical with 
that najuircHl by the formula NOoF (2'2()), 

Tiu‘ is vta'v react iv(‘, and attacks many nudals and non-metals, 
siK’h as arseni(% antimony, aluminium, iron, nu‘rcury, alkali and alkaline 
(‘arth metals, {diospliorus, boron, and silicon. It has no action on 
hydros'll, sulphur, or carbon. Water decomposes nilryl lluoride witli 
llu* qtiantitative* formation of nitric and hydrolluoric acids: 

XO.F 1 HA) IINOjj 1 HF. 

Many or*(ani<‘ eompoumls rt'aet with nitryl lluoride. 

Nitryl (chloride, NO.XU, was staled to have bcnai olrtained by the 
aetiun of iutro<ren tt*troKid(‘ on chlorine^ ^ or hydroy^eai chloride,**^ and 
by the actum of chlorine (m silver nitrate.** Similarly, nitryl bromide, 
NOnHr, was eonsieienal to be* tlu* product of the aedion of bromine on 
uitroaen telroxiths^ Later inv(*slicalions, howew'cr, appeared to dis- 
pro\c the formation of these* halojirc'n compounds by tiu* above* nuThods.^ 
Meu’e recently, it is claimed that nitryl t‘hloridt‘ is formt‘d wlum nitric 
acid reaeds with phosphorus oxychloride, and nilryl bromide* by |)assin^ 
nitroycn tedroxieie and ()romiue vapour ove‘r a. catalyst of calcined lime 
Iu*ated tt» 200 250“ 

^ Hii’ « atiudi, J. pn</,L 1.S71, (ii), 4 , 1. 

Mttllrr. Aiuuiltu^ lsH2, 1. 

‘ thli't and \ iraiMM. e roa/., IS70, 70 , IMi. 

^ t an t>i« r .'unl nidufuuiii, ./. /nttlA. (ii), 71, ISII. 

' /uakiius //«//. Sitr. ('liiiti,, 10*2.7, (iv), 37 , 1H7. 



CHAPTER VIII. 


HYDRIDES AND THEIR DERIVATIVES CONTAINING 
TWO OR MORE NITROGEN ATOMS. 


Hydrazine. 

History. — Organic derivatives of hydrazine have long been known and 
used in syntheses, as, for example, that of phenylhydrazones from 
hydrazine. The substituted hydrazines are obtained by the reduction 
of compounds containing the diazo grouping; thus, diazo-benzene 
chloride may be reduced to phenylhydrazine hydrochloride, 

C6H5--N=N-C1+4H — ^CeHsNH-NHgHCl ; 
azo-benzene yields diphenylhydrazine, 

CeH5--N=N-CeH5+2H— ^CeH^NH-NHCeHs ; 

nitro-urea yields semi-carbazide, 

H2N-CO-NH-NO2+6H — ^HgN-CO-NH-NHg+^HsO; 

diazo-acetic ester yields hydrazo-acetic ester, 

C2H5-0-C0-CH=N2+2H — >C2H5-0-C0-CH=(NH)2. 

Hydrazine itself was prepared by Curtius in 1887 ^ from di-diazo- 
acetic acid. Para-urazine, C 2 H 4 O 2 N 4 , derived from urea, may also be 
hydrolysed by dilute sulphuric acid and the sulphate of hydrazine 
crystallised out.^ When ethyl-diazo-acetate is heated with concentrated 
potash a coloured salt is formed. After digestion with sulphuric acid 
the colour disappears and hydrazine sulphate is formed. 

Preparation. — ( 1 ) By the reduction and subsequent hydrolysis 
of diazo-acetic ester, or by the hydrolysis of its condensation products. 
Diazo-acetic ester is reduced by an alkaline ferrous solution to hydrazo- 
acetic ester {vide supra), which is then hydrolysed by mineral acids : 

yNH 

CaHs^O -CO -CH<( | + 2H2O — ^C 2 H 60 H + CHO.COOH -f N2H4. ^ 

^NH 


Diazo-acetic ester and the free acid easily polymerise into bisdiazo- 
compounds : 

/N=N. 

COOH -CH< >CH.COOH, 

\n=N/ 


^ Curtius, j5er., 1887, 20 , 1632. 

^ Chattaway, Trans. Che7n. Soc., 1909, 95, 237. 

® Curtius and Jay, J. prakt. Ghe^n., 1889, [2], 39, 27, 107. 
^ V. Pechmann, Ber., 1895, 28, 1847. 
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HYDRIDES AND THEIR DERIVATIVES, 
which probably undergo a tautomeric change, giving 

.N-NHv 

COOH-C< >C.eOOH. 

This compound, on boiling with mineral acids, is hydrolysed (by 4 mols. 
of water) to 2 (COOH) 2 + 2 N 2 H 4.^’ 2 245 grams of the bisdiazo acid 

in 2 litres of water and 300 grams of concentrated sulphuric acid are 
heated on the water-bath until all is dissolved, then heated until effer- 
vescence (CO 2 ) ceases. On cooling, hydrazine sulphate crystallises.^ 

( 2 ) By the reduction of nitro-guanidine to anoino-guanidine, which 
is then hydrolysed. Ammonium thiocyanate is heated for some time 
at 170° to 180° C, The residue, guanidine-thiocyanate, NH 2 — C(NH) 
— NHg.HNCS, is treated, first with concentrated, then with fuming, 
sulphuric acid. This mixture, after cooling, is mixed with nitric acid 
of density 1-5 and poured into water. Nitro-guanidine, NH 2 — C(NH) 
— -NH-— NO 2 , separates, and is reduced with zinc dust and acetic acid. 
The solution of amino -guanidine, NH 2 — C(NH)— NH— NH 2 , may be 
hydrolysed either by acids or l)y alkalies. It is concentrated, mixed 
with sodium-hydroxide solution, and boiled for eight to ten hours. The 
cooled liquid, after separation fromNallCOg, is mixed with concentrated 
sulphuric acid, when most of the hydrazine separates as the sulphate, 
and may be purified by one recrystallisation : 

NH2-C(NH)-NH-NH2.HCl+aNaOH 

=Na 2 C 03 +NaCl-f 2 NH 3 +N 2 H 4 ." 

( 3 ) By the reduction of hyponitrous ^ acid or its sulphonic deriva- 
tive.®' The hyponitrous acid may be reduced by zinc and acetic acid in 
the presence of sodium bicarbonate.® Or, the potassium salt of nitroso- 
sulphurous acid (nitroso-hydroxylamine sulphonic acid), 2 NO.K 2 SO 3 
(or KO~-N=NO— SO3K), which was discovered by Davy, may be pre- 
pared by passing nitric oxide to saturation into an alkaline solution of 
potassium sulphite containing an excess of potassium hydroxide. The 
compound is deposited in a crystalline form, and may be recrystalliscd 
from hot water with some loss. A solution of this salt may be reduced 
with an excess of sodium amalgam : ®’ ^ 

/SO 3 K /SO 3 K 

ON-~N< + 6 lI=Ii 2 N-N< +Il20-f KOH, 

\OK MI 

/SO 3 K 

H 2 N-N< +K 0 II=N 2 H,-fK 2 S 04 . 

Ml 

Several organic compounds containing the — N=N— group and the 
—SOaK group are hydrolysed in this way by alkalies. 

^ Hantzsch and Silberrad, j5cr., 1900, S3> 58. 

Hantzsch and Lehmann, ibid., 1901, 34, 2506 ; 1900, 33, 3688, 

^ ( Jurtius and Jay, he. cit. 

^ Thiele, Annalen, 1892, 270, 1. 

^ Brackel, Ber., 1900, 33, 2115. 

® Duden, ibid., 1894, 27, 3498. 

’ Divers and Haga, Trans. Ghem. Soc., 1896, 69, 1610. 
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(4) By the oxidation of ammonia with sodium hypochlorite in the 
presence of glue.^ One litre of an aqueous solution of sodium hypo- 
chlorite is mixed with 3 litres of concentrated ammonia solution con- 
taining 12 c.c. of a 5 per cent, solution of glue. The mixture is boiled 
in an open vessel for about half an hour, cooled in ice, and acidified with 
10 per cent, sulphuric acid. The sulphate, N 2 H 4 .H 2 SO 4 , crystallises. 
The yield (80 to 90 grams) is about 40 per cent, of theory. The oxidation 
of the ammonia probably proceeds through the formation of chloramine, 

NHa+NaOCl =NHoCl+NaOH, 
NH 2 Cl+NH 3 +Na 0 H=N 2 H 4 +NaCH-H 20 . 

The glue appears to act as a protective colloid, and also by raising the 
viscosity of the solution.^* ^ 

The Hydrate and the Free Base. — Hydrazine is set free by alkalies 
in aqueous solution in the hydrated form. One molecule of water is 
firmly combined, for on distillation of the salts with solid potassium 
hydroxide, the hydrate, N 2 H 4 .H 2 O, is obtained as a fuming liquid 
which boils at 188° This is sometimes regarded as a constant 

boiling mixture, i,e, one of maximum boiling-point, like those of the 
halogen hydracids and water. It has been proved that there is dissocia- 
tion in the vapour phase. The hydrate does not freeze at —40° C. ; 
it does not exist as a definite solid comjDound {cf. hydrates of ammonia, 
p. 87). It has a strong smell resembling that of ammonia, and is a 
most penetrating reagent ; it corrodes not only cork and indiarubber, 
but also glass. 

The solutions are oxidised by atmospheric oxygen : 

N2H4.H20+02=N2+3H20. 

They also decompose spontaneously, giving ammonia,^ and more 
quickly in the presence of spongy platinum, giving nitrogen and 
hydrogen as well : 

2N2H4-2NH3+N2+Il2.^ 

The spontaneous decomposition in the presence of a little alkali 
gives different proportions : 

3N 2 H 4 = 2NH 3 -|- 2N 2 -f- 3H 2 . 

In connection with this instability it may be noted that the heat 
of formation in dilute solution (deduced from the heat of oxidation by 
KgCrgOY, etc.) is —9*5 Cals.® 

Hydrazine itself is obtained by distillation of the hydrate with 
anhydrous alkalies in a reducing atmosphere and under diminished 
pressure. Barium oxide may be used as alkali.^' ® The partly dehydrated 
base may be boiled with an excess of the oxide for three hours under a 
reflux condenser and then distilled in hydrogen at reduced pressure. 

1 RascMg, Ren, 1907, 40, 4588. 

Raschig, Ghem. Zeit., 1907, 31, 926. 

3 Joyner, Trans. Chem. Soc., 1923, 123, 1114. 

^ Curtins and Schultz, J. prakt. Chem., 1890, [2], 42, 521. 

^ de Bruyn, Eec. Trav. chim., 1894, 13, 433 ; 1895, 14, 83 ; 1896, 15, 174; 1899, 18, 297. 

® Scott, Trans. Chem. Soc., 1904, 85, 813. 

^ Tanatar, Zeitsch. physikal. Chem., 1904, 40, 475 ; 1902, 41, 37. 

8 Berthelot and Matignon, Ann. Chim. phys., 1892, [6], 27, 289 ; 1893, [6], 28, 138. 

8 Raschig, Ber., 1910, 43, 1927 ; also Joyner, Trans. Chem. Soc., 1923, 45, 188. 



125 


HYDRIDES AND THEIR DERIVATIVES. 

The product may contain 99-7 per cent, of hydrazine.^’ ^ It may also 
be prepared by a similar method from the carbonate or the borate.^ 
The barium oxide may be replaced by solid sodium hydroxide.^ The 
liydroehloride may be decomposed with sodium methoxide, and the 
methyl alcohol removed by distillation under diminished pressure.^ 
Properties , — Hydrazine is a colourless liquid which can easily be 
solidified; the solid melts at +1*4° C. The liquid boils at 113-5° C. 
under 761*5 mm., at 56° C. under 71 mm. pressure. The density is 
only slightly greater than that of water. D'5 is 1*0114,® and I)$ is 
1*0258.® 

The refractive index for the D line is 1*46979 ; for Ha it is 1*46675. 
The molecular refraction Md is 8*867.^’ ® 

Hydrazine mixes in all proportions with water, with evolution of 
heat, 1*919 Cals, per mol. in dilute solution.'^ 

It also mixes with some alcohols, but not with other organic solvents 
of the ‘‘ normal ” type, ix. those which, on the evidence of many 
physical properties, appear to exist as simple molecules and are freel}^ 
miscible with one another. 

As a solvent it bears many resemblances to liquid ammonia. It 
dissolves sulphur and iodine, but with some chemical action.® Most of 
the sulphur is deposited again on pouring the solution into water, but 
some reacts with evolution of nitrogen and formation of an unstable 
hydrosulphide.® The alkali metals Sssolve, and also react with evolu- 
tion of hydrogen. Sodium gives a white explosive product,® which 
has been described as a derivative of azoimide,® or as a mono- or 
di-sodium hydrazate, NaN 2 H 3 and NagNgHg.^® These solutions con- 
duct electricity ; nitrogen and hydrogen are evolved at the electrodes.^ 
It also dissolves many salts, especially halides, nitrates, and ammonium 
salts. Typical solubilities are: NaCl, 12*2; KNO3, 21*7; KI, 135*7; 
Ba(N 03 ) 2 , 81*1, in 100 parts by weight of hydrazine. All these solutions 
conduct electricity. Many reactions take place in this solvent. Thus, 
hydrazine sulphide and a zinc salt give zinc sulphide. 

Hydrazine as a Base. — A solution of hydrazine in water reacts 
alkaline on account of electrolytic dissociation : 


N2H4.H20^H2N.NH*3+0H'. 


The constant of this dissociation is obtained from the following con- 
ductivity measurements : — 


At V= 8 

16 

32 

64 

128 

256 

II 

1*7 

2*1 

3-7 

3*8 

5*5 

107c = 44 

30 

23 

21 

20 

2111 


^ Welsh, J. A^mr. Chem. Soc., 1915, 37 , 497. 

- Welsh and Broderson, ibid., 1915, 37 , 816, 825. 

3 Stolid, Ber., 1904, 37 , 4523. 

^ Raschig, loc. cit, 

^ do Bruyn, loc. cit. 

“ Bruhl, Zeitsch. jphyaikal. Ghem., 1897, 22 , 373. 

7 Bach, ibid., 1892, 9 , 241 ; 1893, 28 , 138. 

® Ephraim and Piotrowski, Ber., 1911, 44 , 386. 

^ Scandola, Ghem. Zentr., iOlO, ii, 544. 

Schlenk and Weichself elder, Ber., 1915, 48 , 669. 
Bredig, Zeitsch. physikal. Ghem., 1894, 13 , 288. 
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Assuming a kation mobility of 61, and that the mobility of the 
hydroxyl ion is 177 (both at 25° C.), the value of Aq is 238, whence the 
dissociation constant is as stated in the third line. Taking into account 
the present accepted value of the mobility of OH', which is rather 
greater (ca, 190), the dissociation constant becomes 2 X 10“^ in round 
numbers; which is about of the constant of ammonia The 

heat of neutralisation is also less than that of ammonia. 

Thus the corresponding heats of formation of the salts in dilute 
solution are : ^ 


N 2 H 4 .HCI aq. . 
N 2 H 4 .HNO 3 aq. 
N 2 H 4 .JH 2 SO 4 aq. 


9*600 Cals. 
9*700 „ 
11*100 „ 


NH4CI aq. . 
NH 4 N 03 aq. . 
i(NH 4 ) 2 S 04 aq. 


12*390 Cals. 
12*320 „ 

14*075 „ 


Although the salts of the diacid base are known in the solid state, 
they are completely dissociated in solution. Thus there is a difficulty 
in the addition of a hydrion to the second — NHg. This is no doubt 
connected with the fact that alkylation also only takes place on one 
--NH 2 . The final product is a quaternary halide of the monacid base 
which cannot be alkylated further : 

NH 2 -NH 2 — ^NHa-NHR ^NH2.NR2 — ^NHa-NRa-RI.^*^ 

Hydrazine as a Reducing Agent. — Solutions of the free base and 
its salts are slowly oxidised by atmospheric oxygen. They are powerful 
reducing agents, and will reduce cupric and ferric salts to the cuprous 
and ferrous states, iodine to hydrogen iodide, and selenious acid to 
selenium. The noble metals are precipitated from their salts, and 
metallic copper is also similarly precipitated. 

Hydrazine Salts. — Hydrazine combines with acids to form 
crystalline salts which in their composition show a formal similarity to 
the mono- and di-acid salts of a diacid base, N 2 H 4 .HX and N 2 H 4 . 2 HX. 
The evidence already mentioned, as well as that derived from the 
conductivity of these salts and the determinations of molecular weight 
in solution, renders it highly probable that the base is a monacid one, 
which is capable of forming acid salts (like ammonium bisulphate, 
NH 4 HSO 4 ) by evaporation with excess of acid.^’ ® The dihydrochloride, 
N 2 H 4 . 2 HCi, may be prepared by passing chlorine into an alcoholic 
solution of hydrazine hydrate : 

2Cl2+8N2H4.H20=2(N2H4.2HCl)+8H20+N2. 

It is also produced by precipitation of the sulphate with barium chloride. 
It may be crystallised from water in octahedra. The crystals melt at 
180° C. with loss of HCl, and give the hydrochloride, N 2 H 4 .HCI. 
Aqueous solutions of the dihydrochloride are almost completely decom- 
posed, giving one equivalent of free hydrochloric acid. This is proved 
by the velocity of inversion of cane sugar. ^ 

Also the Van ’t Hoff or activity coefficient ” of a 0'590lN solution 
is 3*76, since nearly four ions are derived from one molecule, thus : 


1 Bach, Zeitsch. fhysikal Ghem., 1892, 9 , 241 ; 1893, 28 , 138. 

^ Fischer, AnnaUn, 1877, 190 , 102. 

^ Harries and Haga, Ber., 1898, 31 , 56. 

^ Curtins, J. CAm., 1889, [ 2 ], 39 , 27 ; 1890, [2], 42 , 521 ; 1894, [ 2 ], 50 , 275, 311 , 508. 
® Sabanejeif, Zeitsch. anorg. Ohem., 1898, 17 , 480 ; 1899, 20 , 21. 
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N 2 H 4 . 2 IICI 5 + II* + 2 Cr 

represents the dissociation as determined by the lowerin^r of the freezing- 
point. 

The densities of the solutions have been determined/ and also the 
refractivities.^ 

The monohydrochloride, (N 2 H 4 .HCI), obtained from the di-salt by 
careful heating to 140° C,, crystallises from water in needles which melt 
at 89° C., and on stronger heating decompose into NH 3 , Ng, and Hg. 

The molar heat of solution is —5-440 Cals., that of the acid salt, 
winch includes the heat of dissociation, is — 6-201 Cals.^ 

The hydrobromide and hydriodide are made by similar methods. 
A salt, is made by adding iodine to alcoholic hydrazine 

liydrate. The dihydro fluoride is made by direct combination in aqueous 
or aqxieous alcoholic solution. It melts at 105° C., and is more stable 
than the corresponding compounds with the other halogen hydraeids, 
since it sublimes without decomposition. In dilute solution the activity 
coelHcient is about 2 ; it therefore gives only two ions, no doubt on account 
of the polymerisation of hydrofluoric acid, ix. NgH'g and HF'g* 

The disulphatc, prepared by direct combination, crystallises in the 
form of tables or their prisms in the rhombic system. These melt with 
decomposition at 254° C. They are easily soluble in hot water, sparingly 
so in cold, and insoluble in alcohol. The activity coefficient in solutions 
containing 0-81 to O-OG mols. to the litre is about 2 . The molecnile 
])robably dissociates into Ngll's and IISO' 4 . The heat of solution of 
1 mol. is — 8 -TOO Cals.^ 

The sulphate, (N 2 ll 4 ) 2 -n 2 S 04 , prepared from the calculated amounts 
of basc^ and acid, may be precipitated by alcohol as an oil which 
becomes crystalline on rubbing.^ The crystals melt at 85° C. The 
sulphates of hydrazine are decomposed by liquid ammonia, with libera- 
tion of the hydrazine. The rpaction is quantitative, and may be used 
in preparing the anhydrous base : 

The (linitrate,^^b^ 2 H 4 .M^^^^^ is prepared from the sulphate and 
barium nitrate, and may be crystaljis(^d deliqxiescen^ needles which 
melt with decomposition. The nitrate, ^'tmfefhed from nitric acid and the 
carbonate,** or l)y the addition of alcohol to a solution of the binitrate, 
may be crystallised in needles from hot alcohol. It is more stable 
tlian the binitrate, and may be heated far above its melting-point, 
09° C., without decomposition (i.e. to B 00 ° C.). 

The nitrite is prepared by the general reaction 

Ba(N()2)2+(N2H4)2H2S04==BaS04+2(N2ll4.HN02). 

The liltrate is concentrated vn vacuo over P 2 O 5 , and may be crystallised 
from al(;ohol and etlier. It decomposes on heating and explodes on 
percussion. 

N2H4.HN02-NIl3+N20+H20.^ 

(See also xindcr Nitrous Acid, p. 184.) 

’ Schiff and MeiiBacchi, ZeiUtch. phynikal. Ghem., 1896, 21 , 292. 

Bacjh, he., cit. ® Bertlielot and Matignon, he. eit. 

^ Curtins, ./, prakt. Ohem., 1891, 44, 101. 

^ Browne and Welsh, J. Atmr. Chem. ^Voc., 1911, 33 , 1728. 

® Curtins and Jay, J. prakt. Chem., 1889, [2], 39, 27, 107. 

’ vSommer, Zeiisch. amrg. Ohem.^ 1913, 83, 119. 
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Hydrazine forms a series of double salts with salts of metals, which 
resemble to some extent the corresponding ammonium double salts. ^ 
Zinc hydrazine chloride, ZnCl2.2N2H4.HCl, crystallises in needles; it is 
soluble in alcohol. Double chlorides are also formed with the chlorides 
of cadmium, mercury, and tin. The platinichloride, 2N2H5.HCl.PtCl4, 
is obtained as a yellow precij^itate from a concentrated aqueous alcoholic 
solution.^ 

The double sulphates differ from those of ammonia by crystallising 
anhydrous and being less soluble in water. Those of zinc and nickel 
have the composition ZnS04.(N2H4)2.H2S04 and NiS04.(N2H4)2.H2S04. 

By the addition of hydrazine hydrate to salt solutions, addition 
compounds or hydrazinates corresponding to ammines are pre- 
cipitated,^’^ e.g, NiS04.3N2H4, ZnCl2.2N2H4. Compounds of this type 
are formed also by salts of Co, Cd, Cu, and Hg, but not by those of 
manganese, iron, copper, and tin. 

Derivatives of Hydrazine. — In addition to the numerous organic 
derivatives in which the hydrogen is replaced by alkyl or aryl radicals, 
etc., there are a few derivatives of inorganic acids, but these also are 
more stable if some of the hydrogen is replaced by organic radicals. 

The sulphonatc, HgN ~NH--S03H, and the disulphonate are known. 
When air is passed through fuming sulphuric acid and then through 
anhydrous hydrazine, hydrazine hydrazine-sulphonatc is produced : 

2N2H4+S03==H2N-NH-S03H.N2H4.5 

Among the carboxyl and carbonyl substitution products are 
hydrazine-carboxylic acid, NTIg— NH— COOH, the dicarboxylic acid, 
HOOC-NH-NH-COOH, carbonic-acid dihydrazide, CO(NH.NH2), 
and the amide hydrazide or semi-carbazide, NHa-CO-— NH—NIIg. 

Detection and Estimation. — The reactions which arc used in the 
analysis of hydrazine and its salts usually depend upon its oxidation. 
Thus it is determined by titration with potassium permanganate in 
acid solution,® or with vanadic acid."^ Nitrogen is quantitatively 
evolved : 

N2H4+20=N2+2H20. 

Hydrazine is also a useful reagent in general analysis. A solution made 
by dissolving the hydrochloride in an excess of alkali will quantitatively 
precipitate copper as metal. The copjicr solution is added drop by 
drop. Copper can be estimated in this way in the presence of tin zinc.® 

Hydrazine alone does not reduce chlorates, bromates, or iodates, but 
in the presence of cupric oxide the reduction is quantitative : 

2KC103+8N2H4.HN03=6H20+3N2+3HN03+2KC1. 

The chloride, etc., may then be determined in tlie usual manner 
after decomposition of the excess of hydrazine with permanganate and 
nitric acid.® 

1 Curtins and Schrader, J. prakt, Oheni., 1894, 50, 311. 

- Thiele, Annalen, 1892, 270, 33. 

^ Hefniann and Marburg, ibid.^ 1899, 305, 191. 

^ Stulle, 1899, 30, 799 ; 1904, 37, 4523. 

^ Traube and Vockerodt, ibid., 1914, 47, 938. 

^ Pt'teraen, Ze.iUch. anorg. Chem., 1894, 5, 1. 

^ Hofmann and Kisspert, Be7\, 1898, 31, 04. 

^ Jannascli and Biedcuunanii, ibid., 1900, 33, 031. 

® Hodgkinson, J. Boc. Chem. hid., 1914, 13, 81.5. 
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The Sulphqnic and Sulphinic Substitution Products of 
Ammonia, Hydroxylamine, and Hydrazine. 


These compounds may also be regarded as derivatives of sulphurous 
and sulphuric acids, and as such are included in VoL VII. of this series. 
Some accounts have already been given under Ammonia, and the 
derivatives of hydroxylamine and hydrazine have been described with 
these compounds. 

This description is summarised in the following conspectus, which 
includes those compounds which are known in the pure state or in 
solution, or as salts. Some further notes on the ammonia derivatives 
are added. 

Amido -sulphinic Acids. 


Thionyl amide \ 

Diamide of sulphurous acid j 
Amido-sulphinic acid 
Imido-disulphinic acid 
Imido-disulphamide 
Nitrilo-trisulphuric acid . 
Ammonium amido-sulphinate . 
or 

Sulphuryl diammine 
Diammonium imido-disulphinate 
Triammonium imido-disulphinate 


. NH2-SO-NH2. 

. NHa-SO-OH. 

. NH-(SO~OH)o. 

. NH(S02NH2)2- 

. N(SO, 1-1)3. 

. NH^-SO^NH^, 

. S02(NH3)2. 

. NHCSOgNI-IJo. 

. NH4--N(S02NIl4)2. 


Amido -sulphonic 

Sulphuryl amide \ 

Diamide of sulphuric acid J 
Amido-sulphonic acid 
Imido-disulphonic acid 
Nitrilo-trisulphonic acid . 

Trisulphimide .... 
Imido-disulphonamide 


Acids. 

. NH2-S02~NH2. 

. NH2-SO2-OH. 

. NH-(S 03 H) 2 . 

• N(S03H)3. 

. (NH=S02)3 (cyclic). 

. NH(S02NH2)2- 


Hydroxylamine Sulphonic Acids. 

Hydroxylamine a-sulphonic acid"] 


or 


Amido-persulphuric acid J 

Hydroxylamine j8-sulphonic acid 
Hydroxylamine a^-disulphonic acid . 
Hydroxylamine ^/ 3 -disulphonic acid . 
Hydroxylamine a/ 3 j 8 -trisulphonic acid 


NH2~-0-S03H. 

HO-HN--S03H. 
H 03 S- 0 -NH™S 03 H. 
H0~N = (S03H)2. 
H03S-0™N=:(S03H)2. 


Hydrazine Sulphonic Acids. 

Hydrazine sulphonic acid . . . NH2— NH— SO3H. 

Hydrazine symmetrical disulphonic acid . HO3S— NH— NH— SO3H. 


Sulphinic Derivatives. — The action of dry SOg on dry NH3 pro- 
duces a variety of coloured compounds having the empirical formula 3 
(NH3)^(S02)^.^’^'® It appears, however, that a little water is required 

^ Dobereiner, Schweigger's J,, 1826, 47, 120. 

2 Rose, Annalen, 1834, 33, 235 ; 1837, 42, 415 ; 1844, 61, 397. 

^ Schumann, Zeitsch. anorg. Chem., 1900, 23, 43. 

VOL. VI. : I. 
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in order that combination may occur freely. In ethereal dry solution 
a compound, (NH3)2S02, has been isolated as a white solid, which may 
also be the ammonium salt of amido-sulphinic acid. ^ 

Organic substitution products of amino - sulphinic acid, 
R-^NH-SOaH, and of thionyl imide, R-N =SO, are known. 

The addition of thionyl chloride drop by drop to liquid ammonia 
gives a red solution, from which triammonium imido-disulphinate 
can be isolated. This may also be formed by the hydrolysis of imido- 
sulphonamide.2 

Sulphonic Derivatives. — The reaction between sulphuryl chloride, 
SOgClg, and dry ammonia gives under various conditions sulphamides 
and sulphimides. Some of these products were early prepared in an 
impure state.^* ^ 

In ligroin solution, trisulphimide (see table), sulphomelide {vide infra), 
and sulphamide are present. After removal of chloride with PbO, the 
silver salts of these compounds are precipitated in the order given, 
the last being that of sulphamide, which is then decomposed with the 
theoretical amount of HCl. The free sulphamide is recrystallised from 
hot alcohol.® Or, the compound may be prepared in chloroform solution, 
the solvent then distilled, and the residue, dried at 100° C., is mixed 
with sand and extracted with ethyl acetate.® 

An entirely different method of making sulphamide by the decom- 
position of ammonium amido-sulphite has also been described.^ 

. The compound crystallises in colourless rhombic tables, melting at 
91 * 5 ° to 93 ° C., easily soluble in cold water, hot methyl, or ethyl alcohols. 

The molar weight in water corresponds to the formula SO 2.N2H4. At 
100° C. it is decomposed with evolution of ammonia. In solution it is 
hydrolysed by acids to ammonium sulphate, by alkalies less completely, 
to salts of amido-sulphonic acid. The aqueous solution does not 
react acid or conduct the electric current, but the hydrogen, while not 
ionised in solution, can be displaced with formation of salts. Thus the 
insoluble silver salt is precipitated by double decomposition. Mono- 
and di-potassium salts, SOgNgHgK and S02N2H2K2» obtained by 
the reaction between the compound and potassium amide in liquid 
ammonia.’ Trisulphimide, (S02NH)3, as a silver salt is the first fraction 
of the precipitate mentioned above. Esters are also known, but the free 
compound has only been prepared in solution. It is considered to have 
the formula 


SO, 


NH 

SO 


\ 


\ / 

NH 


NH 


analogous to that of cyanuric acid, (OCNH)3.® 

1 Bivers and Ogawa, Trans. Ohem.Soc., 1900, 77 , 327; 1901, 79 , 1099; 1902, 81 , 504. 

2 Ephraim and Pietrowski, Ber., 1911, 44 , 379. See also Ephraim and Garewitseh, 
ibid., 1910, 43 , 138. 

* Regnault, Ann. Chim. Phys., 1838, [ 2 ], 69 , 170. 

* Traube, ihid., 1893, 26 , 607. « Hantzsch and Holl, ibid., 190L ^ 4 , 3430. 

“ Ruff, Ber., 1903, 36 , 2900. 

^ EranMin and Stafford, Amer. Chem. J., 1902, 28 , 83. 
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The nmnioiiinin salt of an isomeric compound, (SO.^Nn)3, is present 
in the vesi<hies after the distillation of lijiroin from the products of the 
rcau-tion wliieh oeeurs hel ween SOj and NITj. The structure is said to 
he evelie, 

SONH 


/ \ 


IINOS 


o 






SONII 


and aiuiloi^ons to that of (‘yainelide.^ 

linid()-sul{)haiui<k* (scm^ ta])l<‘) is rorincd vvlien the silver salt of tri- 
sulphiniidt* is tr(‘ul(‘d with It appears as colourless crystals, 

int‘ltin^^ at l(i()“ C'., which ar(‘ soluble in (dher, and in water, ^dvin^^ an 
a<‘id solid io!i from whi(*h anunoniuin, alkali, and silver salts can be 
obtaint'd by displaeenu'ut of the iniino-hydrofifcn/'^’ ^ It is also made 
from anunoniuin (*arbamatt‘ and pyrosul[)huryl chloride.*^ 

Nit nlO“Sulphonic acid or a.nuno-trisulj)hona.tc, N(S();{II).j, has lon^^ 
b(‘(‘n known in tin* forin of its potassium salt, wliicdi is priK^ipitatcd as 
crystals when a mixturi* of I mol. of KNO.^ and H mols. of K 2 S ()3 is 
aIIow(*d to staiul : 

KNOu I dKoSO,, 1 211./) N(S()/v), 1 .tK()IL 

Tht* sodium salt is formed wluai SO^ is passed into a fairly (‘oiurn- 
trat<‘d solid i(»n (*ontainiu^ 2 mols. of NaNO^ an<l *2 mols. of 

It differs from tlu‘ potassium .salt in Innu/jf more soluble and in 
(‘rystallisini^^ with 5 mots, of watia* inst(‘a.d of with 2. Thesis salts 
are hydrolysed <pn<*kly into the imido-, more slowly into the arnido-, 
salts/ (‘speeinlly in acid .solution. Dtsodium imido-disulphonate is 
pr<‘pnred by (‘xpidlin^^ tlu* HO^ from th(‘ above-mentioned sodium 
nitrilo-sulphonati' by a current of air. The solution is then made 
sli‘,ddly alkaliiu' with Na./K).j and evaporated. Sodium sulphate 
erystailises lirst, and tlam NII(S();jNa) 2 . 


A/a)iMU)K. 

Historical. Orji^anie eompoimds eontninin^^ three or four atoms 
of nitn^^en united to one another (the tria/.o- and tetrazo-eompounds) 
are numerous and often stahh*. Tims (iiazcHarniilci-eiimpoimds, 
HN N X NHH, contain the triazene group, (^impounds con- 
taining the eyt'lie triazene group or azide ring, 

n/^'Nnu,, 


i 

3 

H 


luicl Stui’r, Hrr., UMIf), 38 , iU22. 
tliUlt'/nrh jukI dull, /ur. vit, 

MraU', Anmtirn, IHHH. 248,282. 
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may be made by a variety of reactions, such as those which involve 
the condensation of a diazo-compoiind with one containing a single 
nitrogen atom, involving elimination of water or halogen by dr acid, or 
both. Thus : 

CeHs-NH-NHa+NOCl^CgHs-Ns+H^O+HCl. 

Phenyl hydrazine. Phenyl azide. 

The hydrolysis of such compounds containing the azide ring leads 
to the formation of hydrogen azide or azoimide, N3H, which was first 
prepared in this way by Curtius in 1890.^ 

Preparation. — ^The reaction by which this compound is generally 
prepared is that discovered by Wislicenus in 1892, ^ and is best carried 
out as follows : ^ Dry ammonia is passed over sodium at 250° to 350° C. 
or allowed to bubble through the molten metal, which is converted into 
the amide. The reaction is complete in about five hours. 

2Na+2NH3=2NaNH2+H2. 

Nitrous oxide is then passed over the melted amide in a nickel dish at 
190° C. until no more ammonia is evolved. 

NaNHa+NaO-^HgO+NaNg. 

The sodium azide, NaN35 is then distilled with sulphuric acid (1 : 1).^ 
The greater part of the hydrazoic acid (azoimide) distils below 45° C. 
in the form of a 91 per cent, solution, which is the first quarter of 
the distillate. The distillation is continued until the addition of silver 
nitrate gives no further precipitate of silver azide. 

Hydrazoic acid is also obtained when hydrazine is oxidised by a com- 
pound containing a third nitrogen atom, such as NClg,^ or better, nitrous 
acid, or by hydrogen peroxide.^ 

Solutions containing 5 grams of hydrazine sulphate and 3-8 grams 
of potassium nitrite are mixed in the cold, and distilled after the 
effervescence has ceased."^ If silver nitrite is used, the hydrazoic acid 
is precipitated as silver azide : 

2N2H4.H2S04+2HN02=2N3H+4H20+H2S04. 

Properties of the Free Acid. — The anhydrous acid is prepared by 
removing the last quantities of water from the concentrated distillate 
with anhydrous calcium chloride. It is a colourless, mobile liquid 
which boils at +37° C. It freezes at a low temperature, and the solid 
melts at —80° C. The molecular weight deduced from the density of 
the vapour, about 25° C. above the boiling-point of the liquid, corre- 
sponds to the simplest formula, N3H.^ The acid as well as many of its 
salts are hable to explode when heated or struck. The heat of forma- 
tion, calculated from the heat of combustion of ammonium azide, 
NH4N3, is —62*100 Cals, per mol.® It mixes with water and alcohol. 

^ Curtius, Ber., 1890, 23, 3023; also Curtius and Radenhausen, J. prakt. Ghem.. 1891, 
[^]» 43» 207. 

^ Wislicenus, 5er., 1892, 25, 2084. 

3 Dennis and Browne, J. Ch&m. 80c., 1904, 26, 577. 

^ Dennis and Isham, Ber., 1907, 40,- 458. 

® Tanatar, ibid., 1899, 32, 1399. 

® Browne, J. Amer. Ghem. Soc.j 1905, 27, 551. 

^ Dennstedt and Gohlich, Ghem. Zeit., 1897, 21, 876. 

® Berthelot and Matignon, Compt. rend., 1891, 113, 672. 
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The aqueous solution reacts acid. Its conductivity, determined at 
Concentrations of from 0*1 to 0*001N, gives a mean dissociation con- 
^t;ant of about 1*8x10“^. This increases somewhat with increase of 
Concentration, resembling in this respect the constant of a stronger 
^cid.i 

Solutions containing rather less than 30 per cent, of the acid give 
cTf its vapour, which produces dense fumes of ammonium azide when 
brought into contact with ammonia vapour. The vapour of hydrazoic 
^cid has a most unpleasant smell, and causes inflammation of the mucous 
Membrane when inhaled. The solution is poisonous and attacks the 
sldn. Even in small quantities (0*1 per cent.) it is poisonous to plants, 
^•iid will prevent the germination of seedlings.^ 

Although the solution is fairly stable, yet on long boiling with mineral 
i^cids it is decomposed into nitrogen and ammonium salts, a decom- 
iXosition which is much accelerated by the presence of platinum black. ^ 

When the solution is electrolysed hydrogen is evolved at the 
bathode, and nitrogen, probably by a secondary oxidation of the com- 
l^ound (as in the case of solutions of ammonia), at the anode.^’ ^ Strong 
oxidising agents such as potassium permanganate convert it into water 
^11 d nitrogen. 

With nitrous acid, hydrazoic acid gives nitrous oxide in addition to 
I litrogen : 

NsH+HNOs-Na+N^O+H.O. 

It is easily reduced by sodium amalgam, by zinc and acid, by ferrous 
liydroxide, etc., to ammonia and hydrazine : 

Ngll+eH^NHa+N^H,. 

It is also reduced by polysulphides or HgS : 

HaS+NaH^S+N^+NHa. 

Hydrazoic acid dissolves the more electro-positive metals, 
ziiagnesium, aluminium, zinc, and iron, 'with evolution of hydrogen in 
a Host cases. The nascent hydrogen is partly, or it may be wholly, used 
to reduce the hydrazoic acid to ammonia. Thus in the case of copper 
:iio hydrogen is set free : 

Cu+3N3H=Cu(N3)a+N2+NH3. 

In several of its reactions hydrazoic acid show^s a similarity to 
nitric acid, as is seen by comparing the corresponding reactions with 
oopper and hydrogen sulphide : 

8Cu + 8HN03=3Cu(NO3)2+2NO+4H20 ; 

3H2S+2HN03=3S+2N0+4H20. 

Salts of Hydrazoic Acid. — The azides of many metals have been 
prepared in the crystalline state. In these the acid is always monobasic ; 
tlxe formulsc therefore correspond to those of the halides, and the 
j^roperties are often intermediate between those of a chloride and of 

bromide. 


^ West, Tmns, Ch&m. Soc., 1900, 77, 705. 

2 Low, Ber., 1891, 24, 2947. 

® Peratoner and Oddo, Gazzetta, 1895, 25, ii, 13. 
^ Szarvasy, Trans. Chem. Soc.y 1900, 77> ^03. 
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The azides of the alkalies, LiNg, NaNg, KNg, and NH 4 N 3 , are easily 
soluble in water and also soluble in alcohol. Those of the alkaline 
earths, namely, MgNg, CaNg, etc., are also soluble. Other azides, such 
as CuNg (red-brown), AgNg (white), HgNg and HgNg, PbNg and TiNg, 
are sparingly soluble or almost insoluble in water. The remaining 
metals mostly give basic salts. ® 

Lead azide is well known as a detonator, and is used in the fuses 
of shells. 

The formulae of many salts have been proved by the electrolysis of 
solutions of NH4N3 in liquid ammonia.’ 

The azides of the alkali and alkaline earth metals are not explosive, 
and some may even be melted without decomposition. The azides of 
Na, K, Rb, and Cs give up their nitrogen quietly at about 300° to 
350° C. ; those of Ca, Sr, Ba do so at about 100 ° to 120 ° C. Conse- 
quently they have been used as a source of pure nitrogen.® 

A few double salts have been j^repared, compounds of alkali azides 
with those of other metals, chiefly belonging to Group VIII., e,g, 
NH 4 N 3 .C 0 N 6 (blue), are known. 

Azides of the Halogens. — Iodine Azide. — This compound lias been 
prepared by bringing an aqueous suspension of silver azide into contact 
with an ethereal solution of iodine.® On evaporation of the ether in a 
current of air, colourless crystals are left which have a penetrating 
odour similar to that of cyanogen iodide, and which are easily de- 
composed by explosion into iodine and nitrogen. The compound may 
be hydrolysed by water, giving azoimide and hypoiodous acid : 

NgI+H20=N3H+HOI. 

The iodine is therefore the electro-positive part of the molecule. 

Bromine Azide has also been prepared by the action of bromine 
vapour on sodium or silver azide. It is very explosive even at low 
temperatures.^® 

Chlorazide may be made by acidifying a solution containing sodium 
azide and hypochlorite by a weak acid such as boric. It is a colourless 
gas, smelling like hypochlorous acid. In alkaline solution it is rapidly 
hydrolysed to its generators, the reaction proceeding from left to right: 

Ngl-I-fHOCl^NgCl+HsO. 

The gas easily explodes with great violence and the appearance of 
blue flames. 

Constitution. — The constitution of organic comi)ounds containing 
the azide ring is established by the consideration of their preparations 
and reactions, on the assumption that the usual valencies are exerted 

^ Curtius, loc. cit. 

^ Curtius and Rissom, J. prakt. Chem., 1898, [2J, 58, 261. 

® Curtius and Darapsky, ibid., 1900, [2], 61, 408. * 

Dennis and Doan, J. Amer. Chem. JSoc., 1896, 18, 970. 

® Dennis and Benedikt, Zeitsch. anorg. Cliem., 1898, 17, 18. 

® Berthelot and Vieille, Bull. 80c. chim., 1895, [3], ii, 744. 

’ Browne, Holmes, and King, J. Amer. Ghem, Soc., 1919, 41, 1709. 

® Tiede, Ber., 1916, 49, 1742. 

® Hantzsch, ibid., 1900, 33, 522. 

Spencer, Trans. Chem. 80c., 1925, 127, 216. 

Raschig, Ber., 1908, 41, 4194. 
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by tlu‘ i‘lenu‘uts involved. Thus ])heuyl azide is made by the coudeusa- 
tiou of })henyl hydrazine and nitrous acid: 

Nil --NlI.,iO - N ---on ^ NfL.^\N-™-C6ll5 + 2np. 

Tlu‘ analo^rous rt‘n<‘lion l>etween hydrazine itself and nitrous aciil 
(ride supra) l(*ads to an ana.lo^*ous formula for the hydrogen compound, 
which als() agrees well with the other reactions used in its preparation. 
Azoimidt‘ is uni<jiu‘ in being the only compound containing one atom of 
hydrogen united with more than one atom of a second element. It is so 
e.xtreinely im|)robable that the atomic weiglit of hydrogen should be 
divided by tlux^e on this account, that preferably the univalency of the 
group Njj is assunu'd and ac(U)unted for by the cyclic formula. 

Detection and Estimation. -The com})ound may easily be rccog- 
nisc'd l)y tlu* highly elniracUaistic pro[)ertics a,nd reactions mentioned 
abovt‘. In solution it gives preeij)itates with silver salts, as halides do, 
but. may be distinguislu‘d from chloride and bromide by means of the 
brown precipitate of the cupric salt, Anotluw distinctive test is an 
intt'use red colour with ferric salts, (FcNy). The evolution of nitrogen 
wlien it is oxidised by iodine, et(‘. (trlde iujra)^ also serves to distinguish 
it from hulid(‘s ais well as from thio(‘yanat(\s. 

'riu‘ ([uuntitalive analysis d(‘j)ends on oxidation with iodine or 
nitnnis aeid.^ A madral or alkaline* solution is mixed with a slight 
ex(H‘ss of iodim* solution and a crystal of sodium thiosidphate added, 
which hnstciis th<* (‘volution of nitrogen. In very dilute solutions ceric 
nitrate or sulphatt* slundd In* add(‘d. 

Tin* n’aetion btd ween an azide* and nitrous acid is (piantitative, and 
may be us(*d to (‘stimate* the* latter (s(*e Nitrous Acid, p. 18 t). 

A measurt‘d exee'ss of the azide* is a(ld(*d to the aciditie^d nitrite 
solution. AfU‘r shaking for a few minutes the mixture is itiadc alkaline 
witli baryta, and is boih'd to expet the gast*s. It is then acidihed with 
ueetie a<*id, and the t‘XtH‘ss of azoimidei titrated with iodine and thio- 
sulphate, 

N,II i llNO, .-:N, |.N,() \ n^O, 

A/idt\s may also la* (*st.imated as nitrog(‘n after decomposition with 
eerit* ammonium nitrate* in a nitromet(‘r.“ 

Di-imide, a gas(‘ous substainee, is said to be formed wlien 

ammonium plntiniehhn'ide is lu*ated : 

(NH,),DU’.lr ■ 1 ‘l-HCl I (N.IIg),, 

SlIMM.VltV OV TUH IIVI)RU)KH OF NlTROCiFN. 

The list of compounds or ions containing nitrogen and hydrogen 
altau* is as fcdlows : 

Nir, Nir^ N.H's 

Atiumitiimii Ammonia iry<timonitim Hydra/itin 

(N.H,) N,in N,n 

Di imidt’ Ammonium U v(im'/in(^ A/oimido 

it/i<h^ a'/idc! 

^ Itiiwhig, rVmm. Zn't., liM)8, 32, 1*20.1. 

^ ./. A'. Afrinm (Jhrm. 11)27, 10 , 18. 
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which can all be regarded as built up of the amino — NHg and azide 
— ■N 3 radicals in various combinations with hydrogen, hydrogen-ion 
H*, and one another. 

One of the hydrogen atoms in the hydrides ammonia and possibly 
hydrazine, is of a sufficiently acidic character to be replaced by an 
alkali metal ; but in spite of the electro-negative position of nitrogen in 
the periodic table, the enhancement of electro-negative character con- 
ferred by the azide ring is required in order that a hydrogen may be 
ionised in solution. 

The reducing power or ease of oxidation reaches its maximum in 
the case of hydrazine, and is less in the case of the more highly hydrogen- 
ated ammonia, which resists atmospheric oxidation in the cold, as also 
the effect of mild oxidising agents in solution. The greater stability of 
azoimide towards oxidising agents is partly due to the stability of the 
cyclic structure, and is also intelligible on the grounds that it is already 
the most highly oxidised compound of nitrogen and hydrogen, as is 
experimentally proved by the products of its reduction with sodium 
amalgam, as also by the method of its preparation. Generally, the 
order of hydrogenation as shown above agrees with such reactions 
as the oxidation of ammonia to hydrazine by hypochlorites, and of 
hydrazine to azoimide by nitrous acid (see pp. 124, 132). 

The three primary hydrides, NH3, NgH^, and N3H, all have a 
strong affinity for water, with which they mix in all proportions, and 
all three solutions probably contain hydrates. 

Pure liquid ammonia and hydrazine have a strong resemblance to 
water in some physical properties, as well as in their properties as 
solvents. Hydrogen trinitride resembles hydrogen chloride in its salts, 
while in its reduction by nascent hydrogen, e,g. when it acts on metals, 
it resembles nitric acid. 


Oxygen and Hydroxyl Substitution Products of Hydrazine. 

These compounds are chiefly represented by organic derivatives, 
namely, RN\^ ^NR (azoxy -compounds ), R— N=NOH (free diazo- 
compounds), R— NH— NO (their tautomeric forms, nitrosamines), 
RH=N— NOg and R 2 =N— NOg (nitramines). 

Although dinitrous acid, or rather dinitronic acid, (HO— NO) 2 , 
does not exist, the intermediate oxidation products of hydrazine, 
namely, HgN— NOg, nitramide, HO— N— NOH, hyponitrous acid and 
nitrohydroxylamine, HO— NH— NOg, have been prepared. 

Nitramide, HgN— NOg or HO— NH— NO. — This compound is 
prepared by splitting off the organic radicals from some nitramines, 
RgN— NOg.^ Nitrourethane, NOg— NPI— CO— OCgHg, is treated with 
ammonia in ethereal solution, the ammonium salt is decomposed with 
potassium hydroxide in methyl alcohol, the precipitated potassium salt 
is washed with alcohol and dried in a desiccator. It is then hydrolysed 
with a mixture of ice and some concentrated sulphuric acid : 

NOg-NPI-CO-OH+HgO^NOgNHg-fHgO+COg. 


^ Thiele and Lachmann, AnnaUn ^ 1895, 288, 267. 
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It is a white crystalline solid, soluble in water, alcohol, and ether, but 
not in hydrocarbons. It melts with decomposition above 72 ° C. The 
molecular weight in water is 61 .^ The solution reacts slightly acid, but 
the degree of dissociation as determined by conductivity measurements 
is very low.^ 

It is instantly decomposed by alkalies, giving NgO and H2O. Salts 
are unknown, with the exception of the mercuric salt, HgNgOa. 

Nitrohydroxylamine, HO~NH— NOg or HO— 
is obtained in the form of salts by the action of ethyl nitrate on alcoholic 
hydroxylamine,^ When the salts, e.g. Na2N203, are acidified, the free 
acid instantly decomposes into nitric oxide and water, or nitrous and 
hyponitrous acids : 

H2N203=:2N0+H20 ; 

2H2N203=2HN02+H2N202. 

The sodium salt, made by the above reaction in methyl alcohol, is a 
white powder, soluble and deliquescent. It absorbs oxygen from the 
air, giving NaNOg and NaN03. The aqueous solution when boiled 
decomposes into nitrite and nitrous oxide : 

2Na2N203+H20=2NaN02+N20+2Na0H. 

The salts of the calcium group, e.g. CaNgOg.SjHgO, are sparingly 
soluble. The silver salt is almost insoluble. Salts of cadmium and 
mercury have also been prepared.'^' ^ 

A great number of organic derivatives of the above are known under 
the name of diazo- compounds, as well as derivatives of compounds which 
have not yet been prepared in the free state, such as R.N2O2.H, derived 
from nitrosohydroxylamine, HO— NH— NO, which is isomeric with 
nitramide.^*' ^ 


^ Hantzsch and Kaufmann, Amuile^i, 1892, 292, 317, 
- Baur, ibid,, 1897, 296, 95. 

2 Angeli, Gazzetta, 1896, 26, ii, 17 ,* 1897, 27, ii, 357. 
^ Angeli and Angelico, ibid,, 1900, 30, 1. 

^ Angelico and Eanara, ibid,, 190i, 31, ii, 15. 

« Thiele, Annalen, 1895, 288, 269. 

’ Hantzsch, ibid,, 1898, 299, 67. 

® Traube, ibid,, 1898, 300, 81. 

® Angeli and Angelico, Gazzetta, 1903, 33, ii, 239. 
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HYPONITROUS ACID. 

Historical. — It was shown by Divers in 1871 ^ that the reduction of 

sodium nitrate with sodium amalgam gave a salt having the empirical 
composition NaNO, the acid being an isomer of nitramide. This salt 
can also be j^repared by electrolytic reduction of a nitrite. The reactions 
of the ethyl ester showed that this is constituted as a diazo-compound : 

CaHs-O-N^N-O-CsHg. 


The ester reacts with water, giving C2H5OH, CH3.CPIO, and 

A bibliography of hyponitrous acid has been compiled by Divers,^ to 
whose researches so much of our knowledge of this interesting compound 
is due. 

Methods of Preparation of Hyponitrites. — Four general methods 
of 23reparation are known, under which numerous special methods may 
be classified. There are also a few other methods of subsidiary import- 
ance. 

1. By the reduction of nitrites. 

2. By the action of nitrous acid on hydroxylamine (or oxidation of 

hy droxylamine ). 

3. By the alkaline hydrolysis of hydroxylamine suli^honates. 

4. By the hydrolysis of some organic compounds containing the 

diazo -group. 

1. The reduction of sodium or potassium nitrite by sodium amalgam 
proceeds according to the equation 

2NaN02+4H=Na2N202+2H20.5> e 

The amalgam is added to the nitrite in the ratio 4Na to IKNO 2 . 
The solution is kept cold. When the gas evolution ceases, the solution 
is neutralised by acetic acid and silver nitrate is added. The precipi- 
tate of yellow Ag 2 N 202 is washed in the dark with cold water, dissolved 
in cold dilute nitric acid, and reprecijfitated with sodium carbonate 
solution. The purified Ag2N202 is again washed and dried in vacuo 
over concentrated sulphuric acid. The. yield is not good. 

Or, Ba(N02)2 may be reduced with sodium amalgam, and the Ag2N202 
precipitated as above.® 

2. F errous hydroxide will also reduce nitrates to hyponitrites. Pure 
ferrous sulphate is precipitated with milk of lime, and to the cooled 

^ Divers, Proc. Boy, Soc., 1871, 19, 425. 

2 Maumene, Compt. reTid.y 1870, 70, 146. 

3 .Zorn, Ber., 1879, 12, 1509. 

^ Divers, Trans. Ghem. Soc,, 1899, 75, 97. 

® Divers and Haga, ibid., 1889, 55, 760. 

® Divers and Haga, ibid., 1899, 75, 77. 
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niixture is added 1 mol. of NaNOg for each 10 mols. of FeSO^. The 
hyponitrite is precipitated with silver nitrate.^ 

A solution of NaNOg is added to a solution of NH 2 OH.H 2 SO 4 . 
Ihe mixture is heated quickly to 60° C. and AgNOg is added at once, 
-this method does not give good yields, but it proves that hyponitrous 
acid is a dioxime.^’ ^ It proceeds as follows — 

HO-NH 2 + 0=N-OH — ^HO-N=N-OH + HgO. 

HyjDonitrous acid has also been 23repared by the oxidation of hydroxyl- 
amine with CuO, HgO, Ag 20 ,® and by the oxidation of hydroxylamine 
with NgOg in methyl-alcoholic solution.*^ 

3. The most serviceable method of preparation is that which pro- 
ceeds from the interaction of sulphites and nitrites. The jootassium 
salt of hydroxylamine ^^-disulphonic acid, prej)ared as described above 
(p. 108), is partly hydrolysed by hot water, giving potassium bisul^^hate 
and the jDotassium salt of the j3-mono-sulphonic acid, i,e. HO — NIT 
_ SOgK. When this salt is fused with alkalies and the melt dissolved 
in water, the hyj)onitrite may be precipitated by silver nitrate as the 
silver salt, or, by the addition of a large excess of alcohol, the alkali 
hyponitrite may be se 2 )arated from the excess of alkali and hydroxyl- 
amine. The yield may be 60 per cent, of the theoretical : 

2lI0~NH-S0gNa-f4K0H=K2N2O2+2KNaS03+4H20. 

4. ^ The alkaline hydrolysis of organic substitution products of nitroso- 
hydroxylamine gives, by intramolecular change, salts of the tautomeric 
hyponitrous acid : 

(CH3)2=N™C0~N(N0)~0H+K0H 

=NII(CH3)2+C02+H-0~-N=N-0K.i2^ 

Further directions and improvements in these methods of 
} 3 aration have been described, 1 ^ 

Properties of Hyponitrites. — The normal alkali salts of the 
dibasic acid are soluble in water, and are hydrolysed, giving alkaline 
solutions. Normal salts of other bases are very slightly soluble. The 
acid salts are very unstable, like the free acid. Silver hyponitrite is a 
yellow amorphous substance, non-hygroscopic, which may be boiled 
in water without decomposition. In the dry state it decomposes at 
100 ° C., giving AgNOg, and it explodes at 150° C. It dissolves in nitric 
acid, and is reprecij^itated by alkalies. Acetic acid and hydrogeii sul- 
phide set free hyi)onitrous acid. It is decomposed by hot alkalies. It 
reacts with alkyl iodides, giving alkyl hyponitrites. 

1 Dunstan and Jlyinond, Tram. Chem. iSoc., 1887, 51, 646. 

^ Wislicenus, Ber., 1893, 26, 772. 

3 Paal, ibid., 1893, 26, 1026. 

^ Thum, Monatsh., 1893, 14, 294. 

® Tanatar, Ber., 1894, 27, 187. 

® Hantzsoh and Kaufmann, AnnaUn, 1896, 292, 317. 

’ Kaufmann, ibid., 1898, 299, 98. 

^ Divers and Haga, Trans. Ohem. Soc., 1889, 55, 760. 

^ Divers and Haga, ibid., 1899, 75, 77. 

Ray, Do, and Dhar, J. Ghem. Soc., 1913, 103, ii, 1562. 

Kirsclinor, Zeitscli. anorg. Chem., 1898, 16, 424. 

Hantzscli and Sauer, Annalen, 1898, 299, 89. 

^3 Wicland, ibid., 1903, 329, 225. 

Jones and Scott, J. Amer. Gheyn. Soc., 1924, 46, 1545 ; Weitz and Vollmer, Ber., 
1924, 57B, 1015. 
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Preparation and Properties of the Free Acid. — Solutions of the 
acid are obtained when the silver salt is treated with hydrochloric acid, 
nitric acid, hydrogen sulphide, or phosphoric acid. A large excess of 
the silver salt is rubbed in a mortar with dilute cold HCl and filtered 
quickly.^ 

Silver hyponitrite is added in portions to an ethereal solution of 
hydrochloric acid until there is no more free hydrochloric acid. The 
filtered solution when evaporated in a desiccator leaves the free acid 
in the form of white leaflets, which easily explode when rubbed, especi- 
ally in the presence of acid vapour or solid potassium hydroxide. The 
free acid is very soluble in water, and also dissolves in alcohol, ether, 
chloroform, and in benzene, but not in petroleum ether. ^ 

The molar weight, determined by the cryoscopic method in aqueous 
solution, is 59 (HaNgOg requires 62).^ 

The acid does not expel COg from carbonates. When titrated it 
behaves much like carbonic acid, one-half of the hydrogen being neutral- 
ised at the phenolphthalein end point. In fact, as an acid it appears 
to be about as strong as carbonic acid (see Conductivity below). On 
standing it slowly changes into nitrous and nitric acids, and when an 
aqueous solution is boiled it gives NgO. This hydrolysis is rapidly 
effected by sulphuric acid; nitrous oxide is the anhydride. The re- 
action is, however, not reversible : 

HgNgOg— >HgO+NgO. 

In the presence of nitric acid hyponitrous acid can be boiled with- 
out decomposition. When freshly prepared, it should give only a faint 
yellow colour with potassium iodide ; this effect is probably due to the 
nitrous acid formed by its decomposition. It is very stable towards 
reducing agents, although sodium bisulphite, followed by zinc and acetic 
acid, gives hydrazine.® 

It is easily oxidised ; potassium permanganate in acid solution con- 
verts it into nitric acid, in alkaline solution into a nitrite. Hyponitrites 
can be quantitatively titrated with permanganate.® 

The heat of formation is negative, and has been determined by 
oxidising the calcium salt : ’ 

2 N+O+H 2 O aq.=H2N202 aq.-— 57,400 calories. 

The conductivity of the free acid is low, approximating to that of 
carbon dioxide; that of the salts is high on account of considerable 
dissociation and some hydrolysis.'^ 

The following values of the equivalent conductivities refer to 0° C. : ^ 

Hyponitrous Acid, 

V=6-22 12‘11 12-44 22*37 24*22 44*74 73*47 89*48 146-94 

A=l*08 1*49 1*52 2*12 2*39 3*10 3*85 4-21 5-43 


1 Ray, De, and Dhar, J. Chem. Soc., 1913, 103, ii, 1502. 
^ Hantzsch and Kaufmann, Annalen, 1896, 292, 317. 

® Tanatar, Ber,, 1894, 27, 187. 

^ Hantzsch and Sauer, Annalen, 1892, 299, 89. 

® V. Brackel, Ber., 1900, 33, 2115. 

® Thum, MonaUh., 1893, 14, 294. 

^ Berthelot, Ann. Ghim. Phys., 1889, [6], 18, 571. 
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For the sodiurrt and calcium salts the following values have been 
obtained : — 

Na^NgOg . . . V=1685*32 A=68-32 

CaNgOg . . . V= 1200 A=78*12 

The maximum equivalent conductivity of the sodium salt is 
about 68. 

By introducing the Kohlrausch values for the conductivities of the 
sodium and calcium ion at 0° C., and allowing for hydrolysis, the con- 
ductivity of the NO' ion is found to be 38*0 and 38*7 from the acid and 
its sodium salt. 

Structure. — That this compound contains the diazo-group is indi- 
cated by many of the reactions used in its preparation, especially by 
the hydrolysis of organic compounds known to contain this group. 

It is in fact a dioxime, as is shown more especially by its preparation 
from nitrous acid and hydroxylamine. 

The molar weight is decided by the cryoscopic method, and the 
dibasic character of the acid by the neutralisation experiments and 
conductivities and by the existence of dialkyl derivatives and esters. 

It has been suggested that hyponitrous aeid is the antidioxime 

N-OH 

II 

HO-N 

the isomeric nitramide being perhaps the syn-compound.^ 


^ H<antzsch, Annalcn, 1898, 299, 67. 


CHAPTER X. 


THE OXIDES OF NITROGEN. 

Nitrous Oxide. 

History. — Priestley ^ discovered nitrous oxide in 1772 when experi- 
menting with the action of moist iron filings on nitric oxide (nitrous 
air) : 

2N0+Fe+H20=N20+Fe(0H)2. 

He found that a gas remained which he termed “ diminished nitrous 
air,” and that this gas behaved very much like ordinary air. Five years 
later Priestley ^ found that the same gas was obtained by the action of 
nitric acid on certain metals, especially tin and zinc. 

Berthollet prepared the gas in 1785 by heating ammonium nitrate, 
but it was left to Davy ^ (1799) to make detailed investigations as to its 
properties. He showed that the combustions of a candle, phosphorus, 
sulphur, carbon, and iron wire were similar to those in oxygen. The gas 
was neutral to an extract of red cabbage, possessed a sweet taste and 
slight odour, and there was no diminution in volume when it was mixed 
with oxygen or nitric oxide. Davy discovered that inhalation produced 
an exhilaration, and he foresaw its use as an anaesthetic, notably in 
dentistry.^ 

The name “ nitrous oxide ” was first given by Davy, who also 
analysed the gas by burning carbon in a measured volume. Priestley 
and Lavoisier performed the volumetric analysis in a more accurate 
manner, and showed that nitrous oxide contained its own volume of 
nitrogen with one-half its volume of oxygen. 

Preparation. — The gas maybe prepared by the following methods : — 

1. Decomposition of ammonium nitrate by heat : 

NH4N03=N20+2H20. 

This method ^ is a common process for generating nitrous oxide, but 
the mixture becomes explosive unless the salt is free from organic im- 
purities. It is advisable to melt the nitrate first to remove external 
moisture, and the decomposition begins at 170° C. Purification from 
nitric oxide and chlorine (from ammonium chloride) is effected by wash- 
ing with ferrous sulphate and caustic soda solutions respectively. A 
modification ® is to mix the ammonium nitrate with sand, pass the gas 
through ferrous sulphate or sodium sulphide solutions, and finally dry 
by washing with an emulsion of ferrous sulphate in concentrated 
sulphuric acid. 

^ Priestley, Experiments on Air, 1774, I, 118, 119 ; ibid., 1775, II, 177. 

2 Priestley, ibid., 1777, III, 133, 134, 139. 

® Davy, Works, III, 54. 

* Davy, ibid., 276. 

® Soubeiran, J. PJiarm. Chim., 1826, 13, 332. 

® Lidoff, J. Russ, Rhys. Chem. Soc., 1903, 35, 59. 
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2. Another method ^ is by decomposing an equimolecular mixture 
of ammonium sulphate and sodium nitrate at 240° C., when a quiet, 
Regular stream of nitrous oxide is evolved. 

A number of methods have been described for the preparation of 
nitrous oxide by reduction of nitric acid or nitrates. 

3. Nitric acid is reduced by means of stannous chloride.^ A solution 
is made of 5 parts of stannous chloride, 10 parts of hydrochloric acid 
(sp. gr. 1*21), and 0*9 part nitric acid (sp. gr. 1*38), which on heating to 
Tooiling gives a regular stream of nitrous oxide : 

2HN03+4SnCl2+8HCl=4SnCl4+5H20+N20. 

4. Another method ^ consists in the reduction of a nitrate by heating 
^vith anhydrous formic acid : 

2KNO3+6H.C00H-N20+4C02+2H.C00K+5II2O. 

'The reaction is started by heating, but once the gas begins to come off 
The source of heat is removed ; the gas is collected over a solution of 
caustic potash (20 per cent.) at 40° C., whereby the carbon dioxide is 
absorbed. 

5. Oxalic acid ^ may also be used as a reducing agent. A solution 
of potassium nitrate, to which sulphuric acid has been added until the 
solution contains 20 per cent., is heated with oxalic acid : 

2KN03+H2S04+4(C00H)2=N20+8CO2+K2S0,+5ll2O. 

6. Nitrous acid when reduced with hydrazine yields a mixture of 
nitrous oxide and ammonia : ® 

HN02+N2H4=N20+NIl3+Il20. 

Xlydroxylamine may also be used as a reducing agent.® 

7. Sodium nitrite solution is treated with cooled concentrated 
liydroxylamine-hydrochloride solution, when the nitrous acid liberated 
by the hydrochloride is reduced by the hydroxylamine : 

HN02+NH20II=N20+2ll20. 

8. It is also possible to isolate nitrous oxide produced directly by 
the union of its elements in the nitrogen-oxygen flame. Spectroscopic 
examination will determine that in a certain part of the flame nitrous 
oxide is the chief product, and rapid cooling at this point will give a 
25 per cent, yield of the gas."^ 

Physical Properties. — ^Nitrous oxide is a colourless gas with a 
pleasant odour and sweetish taste. When inhaled in small amounts it 

1 Thilo, Chem. Zeit., 1894, i 8 , 532. See also W. Smith, J. Soc. Chem. hid., 1892, ii, 
867 ; 1893, 12 , 10. 

2 Compari, Chem. Zentr., 1888, 1569. See also Gay-Lussac, Ann. Chim., 1847, (iii), 
223 , 229. 

® Quataroli, Qazzetta, 1911, 41 , ii, 53. 

* Desbourdeaux, Conipt. rend., 1903, 136 , 1668. 

5 Francke, Ber., 1905, 38 , 4102. 

fi Poliak, Annalen, 1875, 175 , 141. 

’ Pictet and Sodermann, Brench Patents, 411785, 415594 (1910). 
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produces a feeling of exhilaration, while in larger quantities anaesthesia 
results, whence its extended application in minor operations, as in 
dentistry. 

Its litre density at N.T.P,, as determined by different investigators, 
is given as 1-9780, ^ 1-9777, ^ and 1-9774 ^ grams. Compared with air 
as unity the density is 1-5301 ^ and 1*5297.^ 

Nitrous oxide is easily liquefied,^ and thus would be expected 
to show considerable deviation from Boyle’s Law. The variation of 
volume with pressure has been studied by Rayleigh ® at low pressures : 

Pressure Ratio. Volume Ratio. 


75 mm. : 150 mm. 
I atm. : 1 atm. 

1 atm. : 2 atm. 


2-100066 : 1 
2-100327 : 1 
2-100651 : 1 


The coefficient of expansion of nitrous oxide is 0-0037067.^ The 
thermal conductivity at 0° C. has been given as 0-0000350,^ 0-00003515,® 
and 0-00003530.® The value at 10° C. is 0-00003723,1® and at 100° C. is 
0-0000506.1® The ratio of the specific heat at constant pressure to 
that at constant volume at 15° C. is 1-300 according to Partington and 
Shilling, 11 who have calculated this value from all reliable work. The 
value at 0° C. is 1-31, and at 100° C. 1-27. i^ The change of molar heat 
with temperature has been determined from 0° to 1000° C. : 

C^=6-629 + 0-006943{— 0-05241]{2 . 

C^=8-659+0-00677j5-0-05222i{2^i® 

The viscosity of nitrous oxide is less than that of air according to 
the following table, i^ which shows the values of the coefficient of viscosity, 
7y, in absolute (C.G.S.) units : — 


rj X 10’. 

Temperature, ° C. 

1366 

0 

1441 

15 

1845 

100 


The refractive index of nitrous oxide for sodium light is 1-0000516.1^ 
Solubility , — The following table gives the absorption coefficient, j8, 
of nitrous oxide in water (see under Nitrogen, Solubility, p. 35) 


1 Leduc, Cornet. reTid., 1905, 140 , 642. 

^ Rayleigh, Proc. Boy. Soc.f 1905, 74 , 181. 

^ Guye and Pintza, Compt. rend., 1905, 141 , 51. 

^ Earaday, Phil. Trans., 1823, p. 189. 

® Rayleigh, loc. cit. 

® Jolly, Pogg. Annalen, Jubelband, 1874, 151 , 82. 

^ Winkelmami, ibid., 1875, 156 , 497. 

® Euoken, Physikal. Zeitsch., 1913, 14 , 324. 

® Weber, Ann. Physik, 1917, 54 , 437. 

10 Stefan, Chem. Zentr., 1875, 179. 

Partington and Shilling, The Specific Heats of Oases (Benn, 1924). 

WuUner, Wied. Annalen, 1878, 4 , 32L 
Shilling, Phil. Mag., 1927, (vii), 3 ,, 273. 

C. J. Smith, Proc. Phys. Soc., 1922, 34 , 162. 

Mascart, Compt. rend., 1874, 78 , 617. See^also C. and M. Outhbertson, Phil. Tram., 
1913, 213 [A], 1. 
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SOLUBILITY OF NITROUS OXIDE IN WATER. 


Temperature, ° C. 

Bunsen, 1897.^ 

Roth, 1897.2 

Geffcken, 1904.3 

0 


1-305 


5 

1-0954 

1-1403 

1-048 

10 

0-9196 

0-9479 

0-8780 

15 

0-7778 

0-7896 

0-7379 

20 

0-6700 

0-6654 

0-6295 

25 

0-5961 

0-5752 

0-5444 


In its solubility relations nitrous oxide obeys Henry’s Law.'^ The 
gas is much more soluble in ethyl alcohol, as is seen by the results of 
Knopp : ^ 

f C. . 0 5 10 15 20 25 

. 4-178 3-844 3-541 3-268 3-025 2-853 

The solubilities of nitrous oxide in aqueous salt solutions,^ and also 
in solutions of aqueous glycerol,^ are lower than those in water. 

Liquid Nitrous Oxide. — Faraday® liquefied the gas at 0° C. under a 
pressure of 30 atmospheres. The liquid is colourless, mobile, and has 
a very faint odour of burnt sugar. 

The refractive index is very low, the values for the sodium D line 
being 1-193 at 0° C.® and 1-3305 at 90° 

The critical data are given in the following table : — 


CRITICAL CONSTANTS OF NITROUS OXIDE. 


Critical 

Temperature, 

^C. 

Critical 

Pressure, 

Atm. 

Relative 

Critical 

Volume. 

Critical 

Density, 

Gram/c.c. 

Authority. 

35-4 

75 



Dewar, Phil. Mag., 1884, (v), 
18, 210. 

36-4 

73-07 

0-0048 

0-41 

Cailletet and Mathias, J. 
Physique, 1886, [2], 5, 549. 

38-8 

77-5 

0-00436 

0-454 

Villard, Compt, rend., 1894, 
118, 1096. 

36-5 

71-66 

- - 

• • 

Cardoso and Arni, J. Chim. 
phys., 1912, 10, 504. 


1 Bunsen, Gasometrisches Methoden, Braunschweig, 1877. 

^ Roth, Zeitsch. 'physikal. Ghem., 1897, 24 , 114. 

3 Geffcken, ibid., 1904, 49 , 257. 

^ Findlay and Howell, Tram, Ghem. Soc., 1914, 291. 

® Knopp, Zeitsch. physikal. Ghem., 1904, 48 , 106. 

® ^ is defined above under “Nitrogen, the Element.” Seep. 35. 

Henkel, Dissertation, Berlin, 1905. ® Faraday, Phil. Trans., 1823, p. 189. 

3 Bleekrode, Proc. Roy. Soc., 1884, 37 , 339. 

^3 Liveing and Dewar, Phil. Trans., 1892, 34 , 205. 

Defined as the ratio of the volume at to and pc to that occupied by the same mass of 
gas at N.T.P. 

VOL. VI. : I. 


10 




146 


NITROGEN. 


The boiling-point of liquid nitrous oxide under 760 mm. pressure is 
given as —88*7° C./ —87*9° C.^ • • • u 

The variation of the boiling-point with the pressure is given in the 
following table : — 


VARIATION OF THE BOILING-POINT OF NITROUS 
OXIDE WITH THE PRESSURE. 


Pressure. 

Boiling- 

point, 

°C. 

Authority. 

Pressure. 

Boiling- 

point. 

°C. 

Authority. 

200 mm. 
730 „ 

760 „ 

4-6 atm. 
11-02 „ 

-90-1 

~89-3 

-88-7 

-62 

-40 

] Burrell and Robert- 
i son, loc. cit. 

( Cailletet and Mathias, 

J Compf. rend., 1886, 

[ 102, 1202. 

13-19 atm. 
30-75 „ 
41-20 „ 
45-30 „ 
49-40 „ 

-34 

0 

12 

16 

20 

Cailletet and Mathias, 

- Compt. rend., 1886, 
102, 1202. 


DENSITIES OF LIQUID NITROUS OXIDE AT 
VARIOUS TEMPERATURES. 


Temperature, ® C. 

Density. 

Authority. 

—20*6 

— 7*3 

— 2*2 

1*003 

0*953 

0*912 


Cailletet and Mathias, Compt, rend,, 1886, 
102, 1202. 

0 

0*91051 



10 

0*856 



17*5 

0*804 


Villard, Compt, rend., 1894, 118, 1096. 

32-9 

0*640 


36*3 

0*572 ^ 




Surface Tension . — The surface tension at —89*3° C. is 26*323 dynes 
per cm. The molar weight of the liquid, calculated at the critical 
temperature of 36° C., is 43*52.^ 

The calculated molecular weights of both liquid and gaseous nitrous 
oxide from the critical data are 43*26 and 43*78, which shows that 
nitrous oxide is monomolecular in both states.^ 

Heat of Formation , — The molecular heat of formation of gaseous 
nitrous oxide is —17*740 Cals.,^ this value being the mean of the values 
obtained by the combustion of hydrogen in nitrous oxide and carbon 
monoxide in nitrous oxide. Berthelot’s ® value is —20*600 Cals. The 
heat of formation of liquid nitrous oxide is given as —18*000 Cals.® 

1 Liveing and Dewar, Phil. Tram., 1892, 34, 205. 

2 Regnault, Jahresher., 1863, p. 70. 

® Grunmach, Ann. Physih, 1904, 15, 401. 

* Grunmach, Sitzungsber. K. Akad. Wiss, Berlin, 1904, p. 1198. 

^ Thomsen, Thermochemische Untersuchungen, 1883, 2, 194. 

® Berthelot, Ann. Chim. Phys., 1880, [5], 20, 260. 
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Tiu‘ luokvular heats of voialilisatiou at — 20 ® C., 0 ® C., and 85 ® C. 
are* ^nvt‘n as 2000 , 20 ) 00 , aiul 100 C’als. rcs|)e‘C*ti\a‘Iy.^ 

hhaporation //e i'drito of a mixture oT li(]uid nitrous oxide and 
earhon bisulphide* cause's the t<*mpe‘ralure te) fall to ~“I 40 ® C. 

wSoIid Nitrous Oxide. A sne)w-Iike mass is obtained t)y allowing 
liejuiel nitre)Us oxide* te> (*vaporate rapidly under reduced pressure.^ 
Solid nitrous oxide* nu'lts at 102 * 8 ® C.*^* The relationship between 
nu'lt ing"}aant and vapour pr(*ss\ire is shown in the Tollowing table 


VARIATION OF THE MELTING-^POINT OF NITROUS 
OXIDE V^ITH THE PRESSURE. 


Pivsiain*, mm. 

Mtdtiaj: point, " ( 

IVfHHun*, mm. 

M(dt.inp;-p()iat, " d. 

050 

01 

100 

110*8 

000 

01*0 

50 

- 117*2 

500 

08*0 

80 

- 121*1 

too 

00*4 

15 

- 127*0 

800 

00*5 

7 

- 181*8 

200 I 

108*7 

-t 

- 188*9 

150 

10()*7 

1 

-Itlrl 


d'lu* e*epuition of the* curve* is giveii by Mu* expressie)n : 

log V 100<r72// 1 1*75 log / 1 0*0005/ | bH()()5. 

Decomposition of Nitrous Oxide by Heat. This is one of the 
few e'xnmpit's ed‘ a gas re‘netie>n whi(*h takes ])laee in the gas phase, at 
any rate in a siHe*a vesst*}, ns is shown by the fae*!. that in(*reavse ol* surface 
(by the* aeidition ed' powd(*reel silica) has ne) t‘iTe‘(‘t e)n the* ve‘le)eity cton- 
sinntJ* Since* this lntte*r is invers<‘ly pro|)en*tiona.l to the* (*one(‘ntra,t.ion 
the* re*n<‘tion is bimoIe*<‘ular ; thus‘^ 

2N,() 2N, 1<),. 

Initial p (mim) . . 200 180 52*5 

HalMile (se*cs.) . . 255 |.70 KOO 

The* \ t’l<H’ity constaut is found to diminish with rise of lem[)erature : 

T 1125 10H5 1058 1080 1001 007 888 

boo t 8*575 8*228 2*0 tO 2*580 2*188 0*0 M) 

From tlu'se* results the* *'lu‘at <d‘ nctivalieju of uitreMis oxide 
iiude<*ule*s is calculated fnun the Arrhenius (*e(uati<»n 

d log /»' A 
dt ’ nr^ 

,jl ). 

1810 lueuti vahu’ <»f A is 58*500 (his. per mol. 

* itad MathiitH, Anti, ('him,, IHIH), (vi), 21, 00. 

'■ \\ iIIh, TrfiB>i. i*hrm, Sur,, IH 71 , 27. 21 , 
pMiaiBjiv iiipi Sliirlib, (‘ht m. IH02, 67. 

* Hnrrrtl iind UHlM-rtHMit, ./. Aimr. (%m. *SW., 1015, 37 , 20-1 1 . 

HtmUvlwiHHl n?pl tiurk, 8 m*., 1021 , |A|, 106 . 2 H.|. 

« Hyatrr. Znt^^rk. phfinbii, (%m„ UW» 5 . 53. -Ml. 'Mu* plu>t<K!homu*.al d(HM)ni{)(mitu)U 
lirtrt lif'ra wtiitlifd lo Mjtrit >aiild, */, Cht m, »SV«*,, 102H, p. 1. 
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Chemical Properties of Nitrous Oxide. — The outstanding 
chemical property of nitrous oxide is its ability to support vigorously 
the combustion of many substances. This is because of its ready 
decomposition into its elements, which begins at 500° C. and is complete 
at 900° C., and all combustions in this gas are combustions in oxygen : 

2N20=2N2+02. 

It will be seen that, after decomposition, the mixed gases contain 
one-third their volume of oxygen as compared with one-fifth in air. 

A glowing splint is rekindled, and a taper burns brilliantly in the 
gas. Brightly burning sulphur, phosphorus, and carbon burn similarly 
as they do in oxygen. Sulphur which is only just burning is ex- 
tinguished in the gas, as the temperature is not sufficient to cause 
decomposition. Sodium, potassium, and some other metals burn in 
nitrous oxide to produce in the first place peroxides, which when 
further heated yield nitrites and nitrates : 

Na20 2“1“ 2N2O =2NaNO 2 “1~N2. 

At lower temperatures nitrous oxide is a less vigorous oxidising agent 
than oxygen. Thus below 350° C. copper only forms cuprous oxide, 
CugO, while potassium gives an oxide, K2O3? which absorbs further 
oxygen on being brought into the air. ^ Nitrous oxide, in common with 
the other oxides of nitrogen, is completely and quantitatively de- 
composed by passing the gas over red-hot copper. 

Hydrogen reduces nitrous oxide in the presence of platinum black, 
finely divided palladium, or reduced nickel. 

An unstable crystalline hydrate, NgO+^^HgO, is formed between 
nitrous oxide and water at a low temperature. Although by its 
formula nitrous oxide is the anhydride of hyponitrous acid, H2N202» 
it will not combine with water to form this acid. 

The most important use of nitrous oxide is as an anaesthetic. When 
mixed with oxygen and inhaled in small doses it produces a temporary 
exhilarating effect — hence the name “ laughing gas.” Larger quantities 
of the mixed gases produce temporary unconsciousness, which generally 
lasts for about forty seconds. The amount of oxygen varies from 5 to 25 
per cent., as the use of nitrous oxide alone involves danger of asphyxia. 

It is important that the gas should be free from chlorine, nitric oxide, 
etc., when used for purposes of ansesthesia.^ 

Detection and Estimation. — Nitrous oxide may be distinguished 
from oxygen by its much greater solubility in water, its faint odour, 
and the fact that it does not react when brought into contact with 
nitric oxide. 

Its ready reduction by hydrogen into nitrogen and water in the 
presence of finely divided metals may be used for its estimation, or it 
may be exploded with hydrogen in a Hempel apparatus.^ Volu- 
metrically, decomposition by an electrically heated iron wire which 
leaves a residual volume of nitrogen may be used. Gravimetrically, 
nitrous oxide may be decomposed by passing over red-hot copper and 
weighing the oxygen removed. 

^ Holt and Sims, Trans. Chem. Soc., 1894, 65 , 428. 

2 Tor purification and analysis of commercial samples, see Baskerville and Stephenson, 
J. Ind. Eng. Chem., 1911, 3 , 579. 

^^Hernpel and Heymann, Zeitsch. Elelctrochem., 1906, 12 , 600. 
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Nrntu! OxiDK. 

History. Mavow in HJ? 1 siaans to have lirst prepared nitric oxide 
hy the aetii>n ot nitrie aeid i»n uuials, such as iron, but it was Priestley ^ 
wlun in I77*i, hr.sl isolated and deserihi^d thecas. He foinid that inanv 
nu’tals with nitrie aeid produet'd a (‘olonrU‘ss <jfas which was only slightly 
solubU* in water anti produced no (‘hangc* with liine-water. The name of 
nitrotis air was given in this gas by Prii‘sllt‘y ; it extinguished a taper, 
was in^xious to animals, aiul was very solubles in a solution of green 
\itrioh which turned a dark colour. Pn(‘sth‘y obstu'ved the ibrination 
of brown fumes wia n nitrie oxidt‘ was mix(‘d with air, and the fact tliat 
theM‘ fumes immediately <iissolvt‘d in wateax 

Thf composition of nitrie oxi(U‘ was lirst inv(‘stigated by Priestley^ 
in rbHPi, who heatiHl iron in nitrite oxide by means of a l)uruiug glass. 
He noted an approximate diminulion of one-half. Davy in 1800 
carried out a similar experinaad, but used carbon instead of iron, and, 
assuming that the eariaai <iioxide formed eontaimal its own volume of 
oxygen, eom'lmiial that nitrie o?dde <a>utained ra.tlu*r mort^ than onc-half 
its \ohime of <j\y|a*n and rnthiu’ less Hum its voluna* of uil.rogcu.*^ 

'rile exai’t Nofumetra* eompositioa of nitrie. oxide was dtanonstraied 
hy (•aydaissai* ^ in 1800, who burnt metaliic* potassium in the gas and 
showeil that file residual nitrogim oeeupied just on(‘-half of the original 
\olume. He rightly eouelucleii (hat this gas is composed of e(pial jiarts 
hy \'oluiue (if mtrogiai and <exygen.'' 

One of tlm most aeeurntt* dtdermiuaiious of tlu* gravinu^trie corn- 
piisition of nitrie oxide was tairried out hy diX’omposiug a known wi'ight 
of tlu* gas with heut«al nit*kc'L Tlu* uitrogtm libta’aUxl was (U)udeused 
tm ehnreoal and weighed, while the oxygen (‘ont.ent was found by 
determmiin^ the merease in tin* weight <»f tlu* niekt‘1.^^ 

Frcparatloi). I. 1’he uetion of nitrie a(a<l (sp. gr. I *2) u[)ou eojiper 
turnmgs or foil gives a naidy stream of nitric oxide together with 
\ar\mg amtamts t»f nifnats oxiili* aial iiitrogen. Aekworth showed 
that aerumnlatam uf etippcu’ iiitmte inereastnl the amount of nitrous 
o\nh% so tliitl a purer gas is ohtniTH'd by nmmving tJiis solution at the 
botpiin of n tower <*ontu.inmg the ei»pper : 

:jC u : HUM)., a('u(NO;du t I Hl^O. 

Punheation is In st eileeti-d by washing tile gas with water, absorbing 
til irrniiis siilphute ^utution, anti then expelling it from tlu*. lattta’ solu- 
tion by means uf heat, 

2. A piinu' form of iiitrie tixide is obtained by heating ferrous 
Miljihatr with iiitne atntl. or a mixture of ferrous sulphate and potassium 

iiitratr With diliitr* siilphurie aeitl : 

glxXCI^j ■; uFeSO,^ * HI^SC).j KgSO.j b*-^N() h-HI./). 

* rip-at-, , t.i Ji?', Piel, I, 109; 1777,111, Urt'fao*, p. 33 ; MjcimrlmtUH 

ami i i\, -IH. 

v, i.^ i ni'i ami t th'ii mitioHd, 17HU, \‘I, 3(M, 

3 liai;., Il-i/. . lib T7. 

* i , 'I It I r e | ait it t' i?J i .‘s * I V , I -b 

■* Ui'Xi, Tmn-.^. i 'brm. Sttr,, ilMia. H*/, Pttil. uIhi» uijitn’ Aicmiu Weight, p. 59. 

■* Ai iftt.alie |h7Ii, 2ll, H2S. 
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8. The action of potassium nitrate on a solution of ferrous chloride 
in hydrochloric acid also 3deids a fairly pure form of gas : ^ 

2KNO 3 + GFeCI g + SHCl = 2KC1 + 6FeCl 3 + 2NO + 4 H gO. 

4. A convenient method of preparation is by dropping a concentrated 
solution of sodium nitrite into a solution of ferrous sulphate in sulphuric 
acid, or into a solution of ferrous chloride in hydrochloric acid : 2 

HN02+FeCl2+HCl=N0+FeCl3+H20. 

5, A slow stream of nitric oxide is obtained by dropping a solution 
of a mixture of potassium ferrocyanide and potassium nitrite into dilute 
acetic acid : ^ 


K4Fe(CN)6+HN03+CH3C00H 

=K3Fe(CN)6+CIl3C00K+N0+H20. 

0. A very pure form of gas may be })rcpared by dropjhng sulplmric 
acid (50 per cent.) on to a concentrated solution of potassium nitrite 
(2 parts) and potassium iodide (1 part) : ^ 

2HNO 2 + 2III =2NO + 1 2 + 2 II . 

7. Pure nitric oxide is formed in the Lunge nitrometer method of 
estimating nitrates, namely, by shaking nitric acid with excess of 
sulphuric acid and mercury.® 

8. Nitric oxide is evolved when sulphur dioxide is passed through 
warm nitric acid (sp. gr. 1T5):® 


3S02+2lIN03+2ll20=3Il2S04+2N0. 


9. Electrolysis of a mixture of a 20 to 30 per cent, solution of nitric 
acid, containing 1 to 2 per cent, of nitrous acid, below 50° C. yields 
nitric oxide.’ 

10. Pure nitric oxide is produced when nitroso-diphcnyl amine is 
heated, either in vacuo (40° to 75° C.) or in air (180° to 100° C. ).^ 

Physical Properties. — Nitric oxide is a colourless gas with a low 
boiling-point, heavier than air and sparingly soluble in water, giving 
(at first) a neutral solution. Its density relative to air has been 
determined as 1*0372^ and 1-0387.^® The weight of 1 litre at N.T.P. 
is 1*3402 grams. 

Nitric oxide shows but little deviation from Boyle’s Law. Jaquerod 
and Scheuer have determined the value of the cocllicicnt in tlie 
equation 


^o(Pi”"Po)— I 




between pressures of 400 mm. and 800 mm., and found it to be ™0*00117. 


1 Gay-Lussac, Ann. Ohim. Phys., 1847, (iii), 23 , 208. 

^ Thiele, Annakni 1889, 253 , 240. 

^ Deventer, Ber., 1893, 26 , 589. 

^ Winkler, ibid., 1901, 34, 1408. 

® Emich, Monatsh., 1892, 13 , 73. 

® Weber, Fogg. Annalen, 1807, 130 , 277. 

’ Mcister, Lucius, and Bruning, (Jarmvn 2443()2 (1912). 

® Marquoyrol and Florentin, Bull. Soc. ckim., 1913, 13 , 09. 

^ Dacconio and Meyer, Annalm, 1887, 240 , 320. 

Lcduc, Gowpt. rend., 1893, 1 16 , 322. 

Gray, Froc. GJiem. 80c., 1903, 56 ; Guye and Davila, CompL rend., 1905, 141 , H 20 , 
Jaquerod and Scheuer, ibid., 1905, 140 , 1384. 
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'rui: OXIDES of nitrogen. 

Thf coenicirul ol (‘xpiuisiou iK't.wecn -140° and 0° C. is 0-00;j7074.i 
Ui'fiiiunlt s value" lor the speeilio heat, at constaiit pressure (C„) is 
0-t!:! 17.5, and the ratio t’„ ('„ l-K). The value of C„/C,„, according to 
lleuse.-‘ is l-;t.s at both 15' and -80° C. It diminishes steadily at 

trin|H‘raturcs ; thus: 

Temperature, " . .-too ,r,o() loOO 1500 2000 

i'T>o i-:m i-:i75 i-3i.7 1-3174 


I |. ( 11 lor a perlect gas), also diminishes 


TIh* 

sli|;(htly at hi|4lH*r l(*iu{H‘raturt\s : 

Tvinpvn\{\m\ " C. . . 500 

.... M)9S 1-91)0 


1000 

1-988 


Th<‘ Miriutiuii ui* tlu^ molar hoivt at constant volume witli the 
temperature is be.st exprt\ss(‘(l by the e(|uation 




-102 0*0/>(M.T I 0-0<j955 tT'-i O-OjjHmT^^.'^ 


Nitrie oxiih- is an <‘mlolhermie eompound ; th(‘ lu-at ot rormalion 
is idven ns 21 -570 or 21-000 ( als. at ordinary Icunperatures.^’’ Tliab 
caleulnted for IHtl (h is 22-000 C’als.'^ 

Tlu’ of nitru’ oxi<le at 0” (h is 1791. X 10“’. 

Tht* rr/h/e/hr of nit ri<‘ oxide' (dr thesodinm Dline is l-0()02929.^’ 
'I’he h^llowiii^' table «4iv<\s lh(‘ values of Uu' adsorption eoellieienl 
(/i) (see p. 25) td' nilrie oxidt' at various t(‘n)ip(‘ratures : 


HiHAimiVVY OF NITRIC OXIDE IN WATER. 


IVjiSp-J 
■■ i\ 

AJwnrphfUl C 

i 

'r<‘iu|>fratur(s 

AbNorption ( 

0 

1 

' O-079H1 

do 

o-03r)07 

5 

O-OOMII 

50 

0-03152 

10 

0-05709 

00 

0-0295b 

15 

0*05 117 

70 

0-02810 

20 

0-01700 

80 

0-02700 

25 

i 0-01412^1 

90 

0-02(>4.8 

3(1 

I 0*t)4.00l. 

100 

0*02(>28 


^ iiitii, Afud, S(‘i. ('i'<u'ou\ UM)i), 742. 

lCr|4liiililt. Mtm.iir f Jrrni,, m02, 26 , 202. 
lirtiw-. Ann. ttOII, 14), S9r HO. 

* hlallaiMt Fi$rtiiiu)j St.fr, ^ 1920, (vi), 22, ItH7, .‘tHH. 

'i%rrmiirhrinii'<ifhr i ntt r^urhHiifjrn p. l(}2, 

« d-rtlirli.f. i%im. iHHin pfl, 20, 2(H). 

' \»«rh .!»«, /7iy.«il\ 1014. |iv|, 43. 1225; also tiarnugtou, Phijmml Review, lOKs 

8 , ♦ 10 , 

* ( iiitd MrtrdlO*. Ptiw, HfUf, Stiv.^ UM)S, lAj, 80, 400. 

® i \ iiiiil -M, ratlilrt-rtfiMij, Vhii Trfiw%, H)l2, 213 |A|, I. 

Wiiikli-r, /Irr., UHlt. 34 . MOH, 
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Nitric oxide is much more soluble in ethyl alcohol than in water, as 
is shown in the following table : — ^ 

Tetnpcrature, ° C. . . 0 5 10 15 20 24 

Absorption coefficient (/5) . 0*31606 0*29985 0*28609 0*27478 0*26592 0*26060 

The formula expressing the value of the absorption coefficient 
between 0 ° and 24 ® C. is : 

^=0-31606— 0*003487^+0*000049j{2. 

The solubility of nitric oxide in sulphuric acid has been determined 
by Tower. The following table gives his results at 18® C. and 760 mm. 
in terms of the solubility coefficient (^') (see p. 35), which includes the 
vapour pressure of the solvent : — 


SOLUBILITY OF NITRIC OXIDE IN AQUEOUS 
SULPHURIC ACID. 


IVr cent. HaSO^. 

St). Or. of Acid at 
15° C. 

Tension of Water 
Vapour. 

Solubility 
Coefficient (/S'). 

00 

1*820 

0*1 mm. 

0*0193 

80 

1*733 

0*4 

55 

0*0117 

70 

1*016 

1*5 

5J 

0*0113 

GO 

1*503 

3*1 

55 

0*0118 

50 

1*399 

6*2 

55 

0*0120 


Tlu^ earlier work of Lunge ^ gave the values of 0-035 for 98 per 
cc-nt . and ()*()17 for 60 per cent. II 2 SO 4 . Tower points out that 

for 98 pen* C(^nt. H 2 SO 4 no constant results could be obtained owing to 
ih<‘ solubility of the mercury in sulphuric acid in the presence of nitric 
oxide, llencic for quantitative work with the Lunge nitrometer con- 
acid should not be used. The most accurate results for the 
csliniation of nitrates, nitrites, and oxides of nitrogen arc obtained by 
using sulpluiric acid of 70 per cent, concentration, in which both nitric 
oxi(h‘ and air show a minimum solubility. 

TIu' absorption of nitric oxide by aqueous solutions of various salts 
lias bet-n the subject of much investigation. In the case of ferrous salt 
solutions the solubility of the gas increases with the concentration of the 
solid i(m. Th(‘ limit is reached when the pro])ortions of iron to nitric 
oxide are in the ratio 1 : 1 , both in aqueous and alcoholic solutions.^ 
It is assumed that unstable chemical compounds are formed of the 
type* Fi-SO 4 .NO, FeCl 2 .NO, etc., but the ready dissociation of such 
compounds under thcrinflucnce of heat indicates only a feeble com- 
bination. Ush(U‘ has investigated the freezing-point of such solutions, 

1 Burmcru (hiHomMnscM Mvtludm (Braunflchweig, 1877). 

'* Towc-r, ZeitHch. umrg. (Jhem., 1906, 50 , 382. 

« */. (Jhvm. Ind, 1885, 4 , 448 ; Bvr,, 1885, 18 , 1391. 

* Maurhot and Zc'c.hentiuaycr, Annalen, 1906, 350 , 368. Sec alao Kohlschuttcr, 5^., 
19U7, 40 , 877 ; Hiifiu-r, ZeiLHch, physikxtL ChoM., 1907, 59» 416; also this series, Vol. IX., 
Puri H. 

^ 1 «h<*r, ZnLsch. phymkaL Chem., 1908, 62 , 622. 



T!1K OXIDKK OK NITROGEN. 163 

and liiuls that nail her the IraawMiK-lxHnt nor the pressure of the nitric 
oxide reiuained eonslatd, and hence no conclusion can be drawn as to 
tile nature ol t la* euiiiiioiind KeS().,.N(). The absorption of nitric oxide 
by bivalent salt sohdions of nickel, cobalt, and manganese is of a similar 
nature.' I'errie. salts al.so absorb nitric oxide readily,^ as also do many 
melallie and uou-metallie halides." Nitric o.xidc dissolves in solutions 
of copper sulphate, producing a violet unstable compound, CuSO^.NO.^ 
The solubility of the gas in cuprous halidi's in various solvents has been 
th'lii'iuiiiftl/* 

to VillartL** iiilrie oxidr Tonus an unstable hydrate at 
<1 ‘ (*. under a presstuv of 10 at inospluavs, or at Vi'" C. under 40 atmo- 
res, hut not alan t' 12 “ uihUt any eouditions. 

I’lHun (HUidiiet i\ it V d(4('riuinations of watca* through which nitric 
oxide is pas.s«ah Ziniuu*nnann ’ eunclud(‘s that the gas is neither a weak 
nor a strong at'id* 

A fiurple solid is fornuHl by nitric ()xid(‘ and hydrogen chloride at 
IHO (’A I'lus nu'Hs at 150“ (’. to a, purple liquid, aud is assumed 
lo he an unstable eoinplex oT tlu‘ typ<‘ [ NOU I'K!!"'". 

i#lc{isiii Nitric Oxide* lAiraday unsuexx'sshdly attempted to 
liqut lA nitrie oxidt^ at 1 10 ' ('. and under a. pressure oT 50 at.mos|>heres, 
hut tlie liquefuetion was nceomplLslied by C'ailletet/^ who allowed the 
gas t<^ expand iVtun u prt'sstirt* oi* lot ntmosplua’c^s at — llA C. Liquid 
nitric oxidt* is colourless in thin lay<‘rs lad. slightly blue wlum cx- 
ainintHl in Uiick layers, which colour is probably due to traces oT 
nitrogen fnoxidt*A“ llu* critical constants are shown in the follow- 
itig table : 


CRITICAL CONSTANTS OF NITRIC OXIDE. 


1 rdftrnl j 

I 1 

rritirsU I 

Aim, 

i'rOh'ul 1 
\\»Uuue. 1 

! 

{ Vitienl 
UenHitv. 

i 

7 1 «2 


i 

0*52 |. 

t 

! 02*!l 

1 fU-l 

tf # 

% » 


Authority. 


( )ls/a‘wski, rVna/iLran/., 1885, 
100,040. 

Advent owski, Bull. Acad. 
SvL ('racoxv, 1000, 71.2. 


Till* vnrifiimii of tlu^ boilingqaant of liquid nitrie oxide with the 
pressure is shown in the Ibllowing table : ■■ 


* Hiiffirr. UH)7, S9> '1 tO. 

^ ihiti,, liui). 7 a, 170. hIho thin Htiri<‘H, VtiL IX., Part 11. 

^ rntii., IHHIh I 08 , 1012 , 

^ .\liifirb4. 375.208. 

lor. rg. 

« \-|l!ariP rViwi/il. rrmi,, IHHH, lod, UH)2^ 

* XiiiJiriri lii.Uiii, iloiMilsA., UKi.i, :i6, 1277, 

* rtiifl ViilriiMo •/. dwir. f'hrm. *SW., 1023, 4 $* 332, 

* raillrlr-t. rWii/4, rrmi,, 1877, 85 , 1010. 

Studff ttf ilttut'ii (MiMuailliuu 1001), p, 2'14. 
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VARIATION OF THE BOILING-POINT OF NITRIC 
OXIDE WITH THE PRESSURE.^ 


Pressure. 

Boiling-point, ° C. 

356 mm. 

— 157-3 

760 „ 

— 150-2 

9-8 atm. 

— 125-9 

27-7 „ 

— 109-2 

55-6 „ 

— 96-3 


Ach'cntowski ^ assumes that liquid nitric oxide at low temperature 
is })olymcrised on account of the anomalous vapour-pressure curve, an 
the hi^ii density at the boiling-point, 1-269, supports this view. 1 
would appear, however, that complete dissociation has occurred £ 
atmosj)heric pi'cssurc on account of the normal vapour density at th: 
|)ressure. 

The mean coeincient of expansion of liquid nitric oxide ^ betwee 
— and 0° C. at 760 mm. is 0-0037074. The refractive index fc 
sodium light, n\), is 1-330.^ 

Solid Nitric Oxide. — Olszewski ® obtained a snow-like mass b 
cooling liqxud nitric oxide to —167® C. under a pressure of 138 mn 
According to Adventowski, the melting-point of the solid is — 160*6° ( 
at 168 mm. Liquid oxygen and solid nitric oxide combine explosivel 
unless thoroughly cooled by complete immersion in liquid oxygen.^ 

Chemical Properties. — ^Nitric oxide is much more stable tha 
nitrous oxide, and its decomposition by heat, which begins at 500° ( 
and is only slight at 900° C., is not complete until the very high tempen 
ture of 1775° C. is reached.^ The formation of nitric oxide from ii 
elements has been studied by Nernst,® and its decomposition by Jellinek 
A candle, burning sulphur, and feebly burning phosphorus are cxtii 
guislicd by the gas, because the temperatures are too low to bring abot 
its decomposition. Brightly burning phosphorus, however, continu( 
to burn with increased brilliancy, producing phosphoric oxide an 
leaving nitrogen. Burning carbon similarly removes the oxygen, whi 
burning boron produces a mixture of boric acid and boron nitride.® 

A number of metals are oxidised at a high temperature in nitri 
oxide, but if in a finely divided condition will reduce the gas at low( 
tem})eratures.^ 

Electric sparks passed through a mixture of sulphur vapour an 

1 Adventowski, Bull. Acad. Sci. Cracow, 1909, 742 ; Zeitsch. f. Kompr. u. fluss. Gai 
IDU) 41, 13, 10. 

Liveing and Dewar, Phil. Mag., 1892, [5], 34, 205. 

® OlHzewBki, Oovipt. rend., 1885, 100, 940. 

Dewar, Proc. Ghcm. ^oc., 1895, ii, 225. 

Etnich, MonaUh., 1892, 13, 78, 615. 

® Nc'riiHt, ZeitHch. anorg. Ghcm., 1906, 49, 213. 

’ Jelliiu'k, ibid., 1906, 49, 229. 

^ Wohler and Dcvillc, Ami. Ghim. Phys., 1858, [3], 52, 63 ; Annalen, 1858, 105, 69. 

® Sabatier and Senderens, Co7tipt. rend., 1895, 120, 618, 1158. 
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nitn(» oxidv i^ivv sulphurous aud nitrous acids, winch react further to 
<Xi\’v aitrosyl-sulphuric acid.' 

(Jtauu'ully speaking, nitric oxide can be reduced in stages ri^dit down 
tt) anununia. Thus, wluai I lie j^as is mixed with hydro<fen and brought 
into eoutaet with platinum black, or hnely divided nickel or copper/^ 
tin. iron, or ziuc,*^ aninionia is produced. 

Stannous (*hIorid<' naluct's nitri(‘ oxide to hydroxy lamine and 
ammonia, and also to hyponitrite if the solution is alkaline. 

(‘hromous salts produ(*(‘ ammonia in neutral solution, and liydroxyl- 
junim* if tht‘ solution is acid.*' 

llydriotlic acid n*duc<*s nitri(* oxide to aimnonia.^* Reduction to 
nit rears oxidt‘ is bnaight about by alkaline pyrogaJlol/' suljihurous acid,’ 
phosphim* (also some nitrogeai),*^ and sulphuretted hydrogen and 
alkalim* sulphide's (with some ammonium sulphide).^* 

Many oxidising agents react with nitric oxicle, producing chielly 
nitric acitb Reetassium permanganate, iodine, mid hypochlorous acid 
yieUi nilrii' acid. Hytlrogcn penoxide' gives nitrous and nitric acids. 
*Sil\t‘r oxide*, manganese elioxide*, lead dioxide*, and red lead produce 
nitric ae’id. ('hlorim* peroxide* gives nitroge'U peroxide, while potassium 
chlorate* ami potassium iodale*. h(*al(*d in the* gas, form nitratci and 
nitrogen peroxide* with the* liberation of halogens.*^’ 

Nitric e»\ide* n*ae’ts with wate‘r wh(‘n pr('se‘rv(*d in e.ontax't For any 
length of time*. Aeeonling to Mose*!*,*' both dissolvcxl o.xygen and 
hyelrieins arc resptmsibU* for the* e*lu*mieal e‘hange*s which take place, 
p*rodue*iugs hrstly, nitrous anel hypeinit reins aeiels ; 

INC) 1 211X0. i n.NT).^. 

'rta* liypemitrous ae*iel hre’uks eleiwn, giving nitrous anhyelride aud 
also ummemin : 

nll.N.O. 2NA)a|2Nlla. 

'riiis ammonia forms ummemium nitrite* with the* nitrous ae‘id, and 
this bniiks down with the liberal iem of iulre>ge*n : 

NT!, NO. N, 1211./). 

*riie muount of nitrogen in<’re*nse‘s with the* h'Ugth of time the* nitric 
(ixiete* is ke*pt in e’ontae‘t with the* wateT. 

Rotassitim hyelrtixide* in eoutaet with nitric* oxide* for some* months 
ut the tuxiinary ‘tcm[H*raturt‘ preHiuex’s a. diminution eif 75 per ee*iit. in 
the vedume*. The* residual gas is nitrems eixiele*, and potassium nitrite 
is feaintl in the sedutiem." ^i'he rexietion at- HH) (»• U*avcs a r(‘siduc 


’ SfihiUiix* iuid liHri, 135, 27 H. 


Fiinteliev. AunnhUt, IH34, 33 , 149. 
e KMtd«riiuHris 5V#*., t ‘HU. 37 . aura. 

C itis |»iieia, t *h* m, »s*<w‘,» IHIU, 20, Uit). 

® i /»Vr., UHia, 3^» 1744. 

dmi., IHHl, 14, 2HMI, 

^ lull. .11, /Vid.. tut 7 » C>. IHCI; 10. :m. m ; Anmdvn, 181 H, 58, IX 

Ch§m, lH47, |8}, 21. IWl. 

*** Aadrii iiitd t%fn, AmC'S nHlIo. 72* 

e Zr$i^rh. atmi. (%m., lUU, 

*'■ /.aiiiiK'MiiiUiii, 4 /i#wa-.di,, 26 , 127 ^ ^ ^ 

iititl Kiodiiman, AnnnU n, tHIHi, 292 , 21#. 
o Oiivdaiiwiir. J«ii, <%hn. IH4H. (31, 23 . 203. 



156 


NITROGEN. 


which chiefly consists of nitrogen with a small amount of nitrous oxide 
At a higher temperature still, namely, 125° C., there is a diminution 
83*3 per cent., and the residual gas is entirely nitrogen : ^ 

6N0+4K0H=N2+4KN02+2H20. 

Nitric oxide combines with chlorine and bromine to form nitros 
(‘hloridc, NOCl, and nitrosyl bromide, NOBr (with NOBrg), respective! 
but with fluorine yields nitryl fluoride, NOgF : 

4N0+F2=N2+2N02F. 

(See under Nitrogen and Halogens, p. 121 .) 

The Oividation of Nitric Oxide, — The general explanation of the form 
tion of ruddy fumes when nitric oxide is brought into contact with i 
or oxygen is that nitrogen peroxide is produced : 

2 N 0 + 02 = 2 N 02 . 

Tlierc seems to be little doubt tliat nitrogen peroxide is the fir 
})roduet, but it is by no means decided whether the above cquati( 
f.ruly represents the mechanism of the oxidation. 

in th(‘ first place, it would seem that nitrogen trioxide is the sc 
product wlien the oxidation is carried out below — 110 °, even wi 
(‘xc(\ss of oxyg(‘n : 

4 NO+O 2 - 2 N 2 O 3 , 

and thes production of nitrogen tetroxide only occurs above — -lOO® : ^ 

2N 2O3 ” 1 “ 2 =2N 2O 4. 

(S(‘Ci also }). 103.) 

Bas(;hig maintains that at ordinary temperatures a similar inb 
nH‘diate formation of the trioxide occurs, tlic second oxidation to t 
p(‘roxidc taking a much longer time.^ According to Lunge, howev 
t iu* primary product of oxidation is the peroxide, the reaction being 
the third order. 

Furtlua' cvidcaicc in favour of nitrogen trioxidc being the first oxi( 
ticjti product nitric oxide, is the instantaneous formation of NgO-j wl 
nitric oxide* and oxygen are mixed in tlic ratio of 4 to 1 at ordiin 
tc‘mp(*ratures, the product remaining stable*. When the proportions 
nitric oxide and oxygen arc as 2 : 1 , the stage is reached V( 

rapidly, then fnrtlu'V oxidation to N 2 O 4 occurs, 34 per cent, in 20 secon 
and eompletely in 100 seconds.^ 

Sanfourclui also maintains that the hrst stage in the oxidation 
nitric oxide by dry air is nitrog(‘a trioxidc, which occurs insb 
tjmcously Ix'tween - 50° C. and 525° C. The second stage in 
oxidat ion, which results in the formation of nitrogen peroxide, procc 
ae<*ording to the equation 

2N20.j-1-02:^4N02, 

and is governed l)y the temperature.'^' 

^ KuHmdl and t^epraik. Tram, Chvm. /SW., 1H77, 31, 37. 

^ Kinkdi, MonaU^h.y 1892, 13, 90. 

^ i'VanncHnoni and Sc.iatsea, (JazzvUa, 1904, 34, i, 447. 

® lUiwddK, ZvitHch. amfew, (Jhv.m,, 1904, 17, 1777 ; 1905, 18, 121. 

^ lAinm b)06, 19, 807; 1907, 20, 1717. 

® JuIiboiH and SanfnundH*,, (Jom.pL rc.'iui,, 1919, 168, 235. 

’ Sanfourcho, ibid,, 1919, 168, 307. , 
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"I'lie (irst oxidation product, even in presence of water, is stated to 
l)c the trioxide and not the peroxide. The nitrogen trioxide is then 
de(‘()in])osed by water to form nitric acid and nitric oxide. ^ 

In the presc'nec of nitric acid, Sanfonrche considers that nitrogen 
trioxidc is oxidised to fonn the peroxide and water : 

No0,f2lIN03=-2N204+H20. 

It (‘annot l)e said that the mechanism of the oxidation has been definitely 
s(‘tlled. One of the chief difficulties encountered is the fact that 
nitrogcai trioxide behaves chemically as if its formula were NgOg, whereas 
its physi(*al properties indicat(‘ that it is an equimolecular mixture of 
nitric! oxidc^ and nitrogen tc‘troxide. Thus it is probable that Lunge’s 
Uu‘ory as to thc‘ j)rimary formation of nitrogen peroxide is correct, as 
this oxide would then combine with unoxidised nitric oxide to form 
nit rogen trioxide : 

N,0,+2N0=:2N203. 

It has been shown that under ordinary conditions nitrogen peroxide, 
nitric oxide, and nitrogen trioxidc can exist in equilibrium,^ which 
means that oxidation of nitric oxide in the presence of an al)sorbcnt 
results in the removal of nitrogen tetroxide, together with an equivalent 
of nitric oxide in the form of nitrogen trioxide. 

The usc! of statable absorbents is of fundamental importance in 
d(d;(Tmining the |)rodticts of oxidation of nitric oxide. In the case of 
con<*(‘ntrat(‘d sulphuric acid, both Ilaschig and Lunge agree that a 
mixture^ of nitric oxide and nitrogen peroxide is absorbed as nitrogen 
tri<»xid(‘ to produce nitrosyl-sulphuric acid : 

N /Ij, 1 21 1 2SO4 --2I INOSO4+H2O. 

Nitrog(‘u t(!troxide is also absorbed by concentrated sulphuric acid, 
and a ris(‘ in tcniperature causes the reaction to move in the reverse 
direct ion ; ^ 

N/), 1 II,S(),v 

Atiucous alkalies do not completely absorb either nitrogen trioxide 
av nitrogon tetroxid(% since s(‘condary reactions occur which arc due to 
t li(‘ watcT pr(‘s(‘ut. These will he discussed in detail under the respective 
oxidc‘s. 

Tim kiiu!ti(*s of the* oxidation of nitric oxide can be dealt with in two 
ways, according as to whetluT the final prodtict is NO 2 or N2O4. If it be 
assumed that, the nalction is represented by 

2 N0^H02:^2N02, 

i.c, that the nitrogen * tetroxide is completely dissociated, then the 
ri^ac.iion \a‘loeity is expressed by the usual trimolecular equation 


* Sjinfourch<% OompL rend., 1919, 168, 401. Stui alno Schmidt and li()ck(‘r, Ikr., 19()(h 
39, ISHH; I.f UlatK% Zdtnrh. Elrklrochmn., I90(i, 12,541 ; Brincr, Nicwianki, and VViswald, 
phtfM., 1922, 19 , 290. 

® Dixon iiinl Tmna. (‘hum. Soc., 1899, 7S» 

® lamgt' inul VVtuutraub, Zeikeh. atigew. Chem., 1899, 12 , 417. 
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where initial (‘oneentration of NO, 

6'^^ „ ,, „ 0.>, 

ri,’™“a.moinrt transrorinecl in lime /. 


On integration the velocity constant is given by the e([uation 


1 

t ‘ W/(a 


-[■ log« 


e{a-.v) ^ 

r/(c 


The value of K can be calculated from the (‘xpcn'inuaital work < 
Lunge and Berl ^ on the oxidation of mixtures of nitric oxide and air. 

The above expression ignores the change in volume in the systmt 
although this error may be minimis(‘d by (‘alculating K for suc(!essi\ 
small intervals of time. An expre^ssion is givcai by VVegseheider “ t 
correct for this volume error both in the (‘(pialion • 

2 N 0 +() 2 "-^ 2 N ()2 . . . . (1 


and also in the reaction which asstimes that ouc-half of the i 

dissociated : 


2NO+O2;:;-0-5N2O,4d)*5(2NO2) 


(2 


This exi)ression is- 


^ 

(V— J, V 


where Mi=initial concentration of NO, 

M 2 ,,02, 

/X— volume of oxygen changed in tinu‘ t in 100 volume's o 
mixture, 

V~~total initial volume of gas at t(‘mp('raturc T and pnvssur 
r, these two Jatte'r being constant muh'r the ('onditioii 
of the experiment, 

in equation (1) and 1*5 in ('(luation (2). 

Further work on the oxidation of nitric oxid(‘ has Ikh'u ('arried on 
by Bodenstcin ; he investigated the variation of tlu' V(*lociiy (‘onstaii 
with temperature; Todd investigatc'd this from tlu' standpoint < 
constant volume and constant pressure redact ions. 

Detection and Estimation. Nitriet oxich' can c'asily b(‘ d<‘l(‘ete< 
by the formation of brown funu's wIh'u brought into contact with ni 
or oxygen. This oxidation can also be utilis(‘<l as a m(‘ans of ('slimal icu 
by absorbing the nitrogen trioxid(d by dry potassium hydroxid(% 

4K()IF1 4NO I O 2 -1*KN()2 I P, 

as Ibur-fifths of the total contraction oJ>s(‘rv(‘d by the addition of i 
known volume of air or oxygen is nitric: oxick'/' Monoethyl aniline^ 
may be used instead of caustic potash witli a(h’antag(% as it do(\s m* 
absorb NgO, Ng, COg, or CO. Anotlu'r method of (‘stimalion is li 

^ Lunger and Znlficfi. amjvw. ('hvm,^ HHHJ, 19, K(JI). 

“ VV'’(‘gH(!h(‘i(l(‘r, Zntmh. phymkuL (^hvm., HKH), 35, 577. 

^ B()d(<nHt(*in, ZeiMi, ZU^kirochem., UHH, 24. 1H3. 

^ Todd, Phil, Mitt}., 1918, 35, 281. 

® Klinger, Hvr., 1912, 45, •mi. 

® Ko(dd(*r and Mar(jU(*yrol, Pull. Poe, eliim., 1913, 13, 99, 

’ Ki^rrt*, Cfmn. /wrf., 1992, 5.14. 
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observe the contraction which occurs when a gas containing nitric 
oxide is brought into contact with acidified potassium bichromate. In 
this case complete oxidation to nitric acid takes place. 

Potassium permanganate ^ will also bring about a similar oxidation, 
but in this case an acidified standard solution is used, and the amount 
of permanganate used up is determined by ordinary volumetric methods. 

Reduction ^ of nitric oxide to nitrogen may be brought about by 
passing the gas mixed with hydrogen over heated platinum black. 

None of the foregoing methods are applicable if a mixture of gases 
containing nitric oxide, nitrogen trioxide, and nitrogen peroxide is to 
be analysed, owing to the interaction of nitric oxide and nitrogen 
peroxide : 

N0+N02=^N,03. 

An approximate estimation may be made by absorbing the gases in an 
aqueous solution of sodium hydroxide and determining the amounts of 
nitrite and nitrate present, formed by the following reactions : — 

N203+2Na0H=2NaN02+H20 ; 

N 204 + 2 Na 0 H=NaN 03 +NaN 02 +H 20 . 

A mixture of gases which contains the nitric oxide in smaller amount 
than that required by the tetroxide to form NgOg may be analysed by 
absorption in concentrated sulphuric acid (85 to 95 per cent.) : 

N 203 + 2 ll 2 S 04 = 20 H.S 02 . 0 NO+HoO ; 
N204+H2S04=0H.S02.0N0+HNb3. 

This nitrosyl-sulphuric acid can be estimated by means of potassium 
permanganate, and the total nitrogen by the nitrometer, and the 
relative proportions of the gases can thus be calculated. 

When the nitric oxide is in excess of the amount required by the 
peroxide to form NgOg, a combination of two methods^ may be used. 
The absorption is first effected in concentrated sulphuric acid, and the 
gases are then passed through an absorption tube containing acidified 
potassium permanganate. 

The Nitric Oxide Equilibrium and Synthesis. — Historical — 
Since the times of Priestley and Cavendish in the latter part of the 
eighteenth century, it has been known that the passing of electric 
sparks through air gives “nitric acid,” i.e. oxides of nitrogen absorbable 
by potash with the production of nitre. It was noticed by Crookes 
that the combination occurred in a high-tension arc.^ He was awake 
to the necessity of securing a sufficient supply of combined nitrogen for 
agricultural purposes. The nitric oxide synthesis was from this time 
largely investigated with a view to technical use. Rayleigh passed 
sparks from an induction coil through an oxygen-nitrogen mixture 
containing 86 per cent, of the latter gas, in the presence of excess of 
alkali which was circulated continuously. The yield was at the rate of 
50 grams HNO 3 per kilowatt hour.® A number of arcs drawn out by 
rotation was used to increase the concentration of electrical energy, but 
it was found that this soon reached a useful limit, beyond which the 

1 Moser, Zeitsch. anal. Chem., 1911, 50, 401. 

- Knorre and Arendt, Ber., 1899, 32, 2136. 

^ Webb, Absorption of Nitrous Oases (Arnold, 1923), p. 345. 

^ Crookes, Cham. News, 1892, 65, 302. 

® Rayleigh, Trans. Ohern. Soc., 1897, 71, 181. 
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yield of NO no longer increased.^ About the end of tlu* (*(ndurv the 
equilibrium conditions began to be studied, and (\s[)c‘c‘ially th(‘ degrees 
of combination which could be effected by lieat aloiu\ 

Although some combination can be effected wluni tlu^ gusts art* 
passed over platinum black at 250° yet Iiigh ttanperatnns are 
generally required for the synthesis. The oxides of nitrogtai an* hu'ined 
in many combustions,® such as that of carbon in highly (‘ompressed 
air/*^ or of hydrogen, or in the presence of a jdntinum \vir(‘ raised to 
a white heat by an electric current. The combust itai td' hydrogen 
and nitrogen under lime-water seems to afford a possible* mt‘tluHl of 
fixation.” ® 

The Thermal Equilihria.---'^\tv\Q, oxide is formed from its t’leiutads 
with absorption of 21 (KK) Cals, per moi. of NO. The gas is in n 
state of false equilibrium at the ordinary t(‘mpc‘ratun*s, altlumgh stane 
observers had found a considerable stability towards boat 7 When 
heated to between 500° and 1000° C., how<‘Ver, in a ttdn* it hi’gitis 
to decompose, and the decomposition is considt*rable at 1200 ‘ At 
high temperatures small equilibrium amounts of NO atv haaned front t hv 
elements. 

The thermal equilibria in mixtures h(‘att‘d by art‘s sh«nved an 
increase in the amount of NO with diminution in tlu* si/.i* of the are. 
and therefore ])rcsumably at higher iemp(‘rut tires. 

On account of the endothermic eharaet(*r of the rt*aetion 


N2+0,:5=i=2N0, 

it shifts more to the right at the higlusst temp(‘ratnn‘s. 

The equilibrium percentages of NO have been fomul exiK*rimc’nt ally : 


Temperatuni, ° abs. ■ 1811 1 877 

Per cent, of NO (a*) ^ vd)%^j 7 0*42 


rNOP 

From these a constant , 

. . , [NjiJlOal 

reaction isochor, 

log Ka -lof{ Ki = 


can he enleulated, ami from tlu* 

'Ix\ 

■R\ 'lyi', > 


the variation of the constant with temjteruiure is di^tormined. IHrr 
the range of temperatures given, the heat of remd ion q ” dties not \ nry 
much with the temperature : 


TP abs. 

1500 

1800 

1811 

2000 

2033 

2195 

25(H) 

25HO 

26T;i 2‘n»a ll'jaii 

X (found) 



0-37 


0*64 

0*97 


2*05 

2 - 2:1 .1 

lO^K 

2-4B 

8-51 

9*16 

15*3 

15*9 

24*2 

45*5 

52 J 

56 H H2 !t II# 9 


0-10 

0*34 

0*35 

0*61 

0*67 

0*98 

1*79 

2’ 04 

2 37 3 20 1 4:1 

Xi is calculated in the case of air by 

means 

of t lu 

‘ eifUili 

ton - 


^ McDoiigall and HowIch, Mem. Mnnehenier Phii !!Min, fivK 44 
^ 8eo Wdhler, Her., PKia, 36, :G70; Ltanv. J. Aurie, SeL, lliln, 
Russell and Smith, ibid., lOOO, i, 144 . 

^ Bpottiswofaie, Proc. Rot/. Roe., 1881 , 31, 1 7 a. 

* Hempel, Ber., 181 K), 23I 1457 . 

® Borthelot, Oompt. rtmL, HKK), 130 , 1345, 1430, 1 ( 102 . 

« Brunlcr, Ohemical Age, 192(J, 14 , 20 {tah daiiiinrv). 
l^rthelot, (kwipl. rend., 1874, 77 , 144H. « Kmirlt, ih, 

Mtithmami and Hofer, Her., 1004, 36 , 438. 

Nernst and delliradc, Zeiiitch. ammj. (du m., HKIO, 49 . 213 : Fun ldt. A, 


Xm, in, 
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mn 
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(70- 


*> 



d' 


*> 


) 


Whrii lh(‘S(' tH|ui!ihna, ar(‘ ohtaiiual by lu‘atiu<r the <jfases to the 
hi<(lu*st availal)le t(*ni|H‘ratur<‘s, tiu‘y nuist he '' hxecl ” I)y rapid eoolin^^ 
In this e<nine<‘lion tin* velueilii‘s of tlu‘ direert and inverse reactions are 
important . ^ Thv it^ilowin^ values n^hT to air at atrtiospherio pressure :~ 

{a) Timv napured to ludt\le<u)niptKse th(‘ (‘(piilibritini amount of NO — ■ 
Tt'm|H*rattire, uhs. , (MK) 1500 1900 

I'inu^ in stH*s. . . 7:150 :h:i mins. 1 s(k*. 

{/;) Tina* napiinai to form liairthe t h(‘or(‘ti(‘aI amount of NO ' 

Temperature, ahs. . . 1500 1900 

'rinu' in s(a‘s. . . . 1810 mins, 2-08 mins. 

Thi' dec'ompiisititui of nilrit* oxide at t lu^ surfaet' of a lusdxsl plat inum 
wire has l)t*en stttditMl,*' and tlu' react i(Hi 2N() Nj, | ().^ found to he 
unimolc'Ctilur with rcspe<’i to nitri<' oxidt*. Tlu‘ reaction is retardtsl hy 
oxygen hut is uu\ inllmins'd hy nitroi^en. 

The Kjftrts af FJivtriail l>isrhar^t\ Althtaiji^h I In* siltad dis(‘ha.rjufe 
has lonit heen known as a pcuverful in ehemi<*al syntlu‘sis, th(‘ 

spark nr arc* tiis<‘harin' had, until the* last ([tuirler of tin* nin(*t-(*enth 
e<mturv, heen re‘tardod (‘hlelly, if not solt'ly, as a eon\'enient nH*ans for 
loealisini^ a hit:h t temperature inside* a closed v<‘ss(*l. 'Plu* (‘lueidation 
of tlie inet‘luuusm tif eonthu'titm through gas<'s has shown that tlie 
moleetdes an* profoumily aff<*et<*d, and that this may h*nd to sp<‘(*ihc 
(’lieinii'ai effects, apart fnan those tita* to tlu* t<anp('rutnn*s of tlie 
spark, et(s 

Tlu* etuuhieting parti<*!es in u gas an* fret* electrons and moh*euh*s 
<»r idtmis \vhit*h liave heen ptisitively or m*gativt*ly ehargt*d hy the 
gain ta* lens of t»ne ttr iiH»n* elect rons. "Thest* gaseons ions may tsanhim*, 
with mnltial m utrnltsntuHi ttf charges, thns atsaamting for such eluanieal 
effet'ts as tlu* synthesis of IKW, etc,, by tlu* sih‘nt dis(*harg(% 

of o*/one perhaps hy the unitm nml O , and of NO p<*rhiLps hy 
the uiiitiii tif N ami CD. 1‘lust* compounds an* hamu’d in appreciable 
t|tniiititu”s at tmlmary temperattires liy the silent dis<.*hargt*, and etuTc** 
sptmd to elect rieni eiimhhria. wliieh are thffereni fnan the ordinary 
cuphlihria/^ 

When a gnulually mereasing vt^tage is applied to two t^lee.lrodeH 
s<*piiriit rd in- a gas or nnxture of gases, a small enrn*ni nt non-Iuminons 
disehiirge passes at first which produces no chemical effr«!fH, It Is <lue 
to the loiis and rlretnais naturally preseid in tlu* gas. At a ei‘rtaiu 
%ailtii||e, whit*h naturally varies with tlu* material, dimensions, and 
sepanifion of the eleelrotles, a. glow nr brush fliseliargt* js sec‘n. This 
diseliarge is stable, for alt mereuse of <‘nrrriit nerensitates an inen*ased 
vollitge. theretorr at a given Vf»ltnge the current reaches a maximum. 
Hhs kiiui «4’ discharge produt*es mus hy collision lH*t wei*n electrons and 

^ Krttihl. ,!itii| Jrllilirt, /***', »•*!. 

^ W'rtrttiff! Jiiiil O'ith^iew'i, IhHilr'n A^ityihn^ IIMi'it 7'III ; 23 , 209 ; htirtlujlut, 

/I fill, eiiffii, I Hi, H, a, t-ta. 
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gas molecules, and hence initiates eheinieal changes. If the current “ 1 ” 
is increased still liirther, the voltage “ K ’’ falls, tlu' conductivity 
rapidly increases, and the brush discharge is su(‘ee(‘d(‘d by the high- 
tension arc. In this the (‘harged ])arti<‘k‘s are produced in large quan- 
tities by impact, the resistance of th(‘ gap d<‘(‘rc‘ast‘s more rapidly than 
the current increases, or an increase of (‘urrent. is aceotupanital !)y a 
decrease in the voltage. Such arc^s arc iheix^fort^ (^l(‘ctri(*aliy unstable. 
The temperature rises continuously and tlu^ resistaiuic decreases until 
the arc passes, with a sliglit discontinuity in the “ K, I ’’ graph, into the 
ordinary low-tension or lighting arc, in which the currcait is tnainly 
carried by electrons from the kathode and positively charged ions 
from the material of the anode. On this account, in spite of its high 
temperature, such an arc is useless lV)r the syntlu\sis of NO. It is 
necessary to maintain the high-tension arc by ele(drieal devices. A 
resistance of the metallic kind (wliieh obeys Olim’s Law) is placed in 
series with the direct current arc. An incr(‘as(^ of c‘urrcnt incix^ascs 
the voltage drop across this, and tIu‘rc‘for(‘ dc‘ereas(‘s that available^ 
for the arc. In alternating (‘urnait ares tlu‘ rt'sistaiUHi is rephuHnl by 
an inductance. 

In such ares an electrical equilibrium is set up betweiin the nitrogen 
and oxygen which is not the same as the thermal equilibriutti, and 
which only exists when and where the gases are under the inlluenee 
of the discharge, or perhaps for a short distance beyond (or time after) 
the discharge. This kind of arc is probably due to the formation of 
atomic nitrogen and oxygen.^ 

In a high-tension arc at 2000® C., NO cajti be produced in amoimts 
which would be in thermal equilibrium with N^ and 0^ at 4500® to 
5000° C. Allmand and Ellingham consider that the law of mass or 
concentration action does not apply to these (‘lec^trieal equilibria,^ 

The theory that the electrical discharge nuTcly siq>pli(\s a localised 
high temperature^'^ does not account for the facts. 

It was shown on the experimental scale that th(‘ giistvs su(*k(‘d from 
the middle of a 8 cm. steady vertical arc tlirough a watt‘r-cooled plat inum 
capillary tube contain 5 per cent, of NO, corresponding to t he tiH'rmal 
equilibrium at 3000° C.^ 

Haber and his co-workers also used a vertical an* beivvt'en ('ha'lrotit's 
of platinum or iron.^'*’ Using air, and with iron (‘h'c'trock^s, llu'y (jh- 
tained nearly 10 per cent, of NO, and with a mixturt* of e(|iial volumes 
of Ng and Og passed at a slow rate (O-H litre per hour), 14-4. p(*r (‘t*ni. of 
NO. The voltages employed were from 2050 to 4800, and tin* eurnujt 
from *205 to -806 amp. The temperatur(\s (*orresf>onding to tIu‘S(* 
yields in the purely thermal equilibrium w(^re etniainly not. r(‘a(4u‘d. 
As the arc was an alternating one and was extinguis!u‘d at <*v<ay half- 
period, there must have been great variations of t<*mpc‘ratur(% "whit4i 
would still further reduce the mean value of this. A short dirvvt <nirn*nt. 
arc at 2700° C. with a cooled anode gave up to 9 jx^r c-cait. of NO from 

^ L)urand and NaviUe, «/. (Jhim, phya,, U)08, 6, 1.47 HHH), 7, I : HU 4. 12 • HHf» 

13, 18 ; 1919, 17, 329. 

2 Allmand and Ellingham, Applied FAcclrochemwtry (Anmld, 1024). 

® Muthmann and Hofor, Ber., 1904, 36, 438. 

^ Brode, ZeiUch BkUrochem,, 190.5, ii, 7.52. 

* Grau and Russ, ibid., 1907, 13, 345, 573. 

® Haber and Konig, ibid., 1907, 13, 725 ; 1908, 14, OHO. 

’ Haber and Platou, ibid., 1910, 16, 708. 
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iilv. If nil the air had betai heated to this teoiperatnre (which can never 
occur), thc‘ nuixinmiu yi(‘ld shouhl have; been not more than 4 per cent.*' ^ 

Oxidt‘s <4* nitrtv^^<ii may also be obtaiiual from the air by silent dis- 
ehar^a* at tlu* ordinary U‘nip(*ralun‘s,-^' in \vhi(4i eas(‘ the eoml>ination 
must take plac<‘ Ihnnif^h th(‘ ions produced by this diseliar^ax 

It luis lH*en furtlua' dis(‘ov(‘rt*d that the conditions of maxinuun 
yi(‘ld per Iiour in any ‘rivaai apparatus (spaec^-time yield) do not corre- 
spond to a very sUav passa‘j:t‘ through the hi^h-t(‘nsion ant (witli maxi- 
!uum per(‘tavta<jft‘ <H>uversion), but to a moderatt^ speed. The presence 
of water-vapour diminishes tlie. yit'ld.*'’ 

NmoHiKN Tuioxidk. 

Preparation, 1. Tiu^ mixin«jf of nitric oxide and oxy^aai in any 
|)roportion Indow 110*^ (’. nssults in })ro(hiction of nitro^t‘n trioxidc : 

4N() i 

For (wntnplc, when nitric {^xidc is passtni throujj^h li<{ui<l oxygen at 

IHfi" ('. a gr<*<*n solid, {X>|() j),, is lirst fornuai, which at a sli|L(htly hi|jfh(‘r 
tcmpcralnrt' is t'onverttul iiito hhic NJljj. 

An impure form of the trio\i<l(* is produ(‘(‘d as a hhiish licpud wluii 
a mixtniH* of nitrit* i^xide and nitr(»<j(ii pcroxid(^ is cooh^cl to 30'^ C. : 

NC).^ i NO N,(),v 

2, The* ri'dui’tion of nitrit* a(*id by nrst'nious oxide yields nitrot^cMi 
t rioxitlt* : ^ 

4IIN();, i AsjCbj 2Nb/)a 1 tllAsOa. 

Iaiw^v stated that nitric acid (»f sp(‘ciric .‘gravity 1*35 pyvH pure 
nitro^’U trioxide ; Ind Ratusay atal Fumlull ^ usc'd arid of specific gravity 
I -5 and (*arrit*d end the preparation as follows: The mixture* of acid and 
arsenious oxid«’ is warined on a watta’-bnih until flu* nnu^tion starts, 
wlien tlte stuirei* of heat is reinovtsi and, if neetsssary, the retort (or dis- 
tilling flask) is eool«*d. The fumes arc* passed over fused ealcium nitrate 
(or <*hlciride) and plaisphorie oxid<* and (*cnidt‘ns(*<l in a Uduhe immerscHl 
in a freezing mixtttre of ice and salt, 'ria* bluish-gr<‘en Ii<iuid is then 
redistilUal in an aiinospla re of nitrie oxide, passed <n'er phosphoric 
frxide, and again liquefted at ItF (*., when the pnuluet is a de(‘p 
blue lic|uicl which, however, contains trHei*s t)| iiitr(^gt*n tt‘tr<»xi<le. 

Ik By passing a spark discharge Uirtniglt liquid ah* a lloecuhnit 
green precipitate is ohtuineth w'hieh, after evn|)oration of the lic|uid air, 
leaves the Irioxtde its an Hmor|>hous !»lue powder, melting at d 1 F' (’* 

^ MtjriiiS'S, Tfitnn, Am*r, VMirinH-ht m, 14 , I Ul, 

^ Ifitlm-i-rii ioid Kaaax Znim-h, KU kinwh* m.» tlUa» 16* HtKI, 

^ Wiirieti’fl, iii *4 hii-tiwv, Ih’mlr’n tINHl, 20, et.l ; IP)?* 23 > 

* Utailif'tn , .Ui«. i%im. HHHi, [Hj, B, tt 

^ Tiirtiir iiiitl IVtkiim, ‘F /Vneiifvd ^ ‘Arm., nrill, 30, 

« Fmurpm'nm «ii*l Um. 34* dt 447 ; /Ua U. Arrml Lrmrt, 

5, mil; Itiwilia!, Krit,, mu 35. dBIO; Iliwrbis dwff. rhvm. 1625 . 
47 . :!i4:i. 

tH7H, II. 1226. 

• liiiliiitjiv tmn^, (%rm. Stn’., 47 . fH7. „ . . 

» llrlliin; Aift fi. Airml. Unrrk imil (Vj. la. i, 1116; MuIFr. AnM, mmnj. (Jtrm., 
IIU‘i, 72. 3:in ; IliLW’liiM, ibid.. IIU3, 84. Ua. 
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4 . The action of water upon nitrosyl -sulphuric acid (chamber 
crystals ) results in the formation of nitrogen trioxide : ^ 

/OH 

2 SO/ +H2O = 2 H 2 S 04 +NP 3 . 

\ONO 

5 . Nitrogen tetroxide yields the trioxide when decomposed by a 
small quantity of water : 

N,04+H20=HN03+HN02 ; 

2HN03=N203+H30. 

6. Liquid nitrogen tetroxide, when saturated with nitric oxide, and 
subsequently cooled, yields dark blue crystals of nitrogen trioxide : ^ 

N2O4+2NO =2N203. 

An impure form of the trioxide is produced as a bluish-green liquid 
when a mixture of gaseous nitrogen peroxide and nitric oxide is cooled 
to - 30 ° C. 

7 . Mineral acids decompose sodium nitrite with the liberation of 
nitrogen trioxide. Thus when a 20 per cent, solution of sodium nitrite 
is decomposed by concentrated sulphuric acid, a greenish colour is pro- 
duced, and a gaseous mixture of nitrogen peroxide and nitric oxide in 
the proportions to form the trioxide is liberated : 

2 NaN 02 +H 2 S 04 =:Na 2 S 04 +N 203 +H 20 . 

8. The action of a diluted nitric acid ( 5 N or 6N) upon copper gives 
nitrogen trioxide entirely as the gaseous product.^ 

Physical Properties of Nitrogen Trioxide. — Nitrogen trioxide 
under ordinary conditions is a brown gas which behaves as though it 
were a mixture of molecular proportions of nitrogen peroxide and nitric 
oxide. Much investigation has taken place as to the real existence of 
gaseous nitrogen trioxide. No marked contraction occurs when gaseous 
nitrogen peroxide and nitric oxide are mixed, as should ha])pcn if cither 
of the following reactions took place : — ^ 

N02+N0=N203; 

N204+2N0=2N203. 

A small diminution, however, does occur, which is consistent with the 
presence of 3 per cent, of undissociated nitrogen trioxide. ^ 

The vapour density of gaseous nitrogen trioxide obtained from the 
liquid, which has been subjected to prolonged drying, indicates that the 
gas is made up of a mixture of N4O3 and N2O3 molecules. Traces of 
moisture dissociated the larger into the smaller molecules.^ 

The boiling-point of liquid nitrogen trioxide is appro .ximately 

1 Eammelaberg, Ber., 1872, 5 , 310 ; Stivilf, ibid., 1872, 5 , 285. 

Wittoit, Ziiith'ch. amrg. Chem., 1904, 41 , 85; Porscliaow, ibid., 1894, 7 , 214; 
Pciigot, Ann. Chim. Phj/s., 1841, (iii), 2 , 58. 

Bagster, Trans. Chem. ^^oc., 1921, 119 , 82, 

^ Eainsay and Cundall, ibid., 1800, 57 , 590. 

& Dixon and Peterkin, ibid., 1899, 75 , 614. 

e leaker, ibid., 1907, 91 , 1802. 
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”—2^ C., altiiouj^h aftiM' prolonged drying tlie hoiliug-poiut may rise to 

C.^ Under ordinary pressures the liquid is stable up to —21® C.- 
AccH)rding to Baunu‘ iind ilol)erls,^ the boiling-point of pure is 

27® C. at 760 mm. The variation of the density of liquid nitrogen 
trioxidi' with the temperature is shown in the following table 

Te!np(‘ratur(% ® V. . -8 —4 —10 12 

Density . . 1-4(M<() 1-4555 1-4510 1-4490 1-4485 1-4470 

Tlu‘ nuiting-poiiit diagram of the system N20a--N()2 is normal, 
and shows a, single (aileetie in the neighbourhood of pure NgOg.'^ (wSee 
undi-r Nitrog(‘n Ti-iroxide, p. 174.) 

Dissociation of Nitrogen Trioxide. The dissociation of nitrogen 
t rit»xul<‘ uudt-r various conditions of temperature and drying has been 
stuilical by tiont's/' Ih- concludes that three distinct reactions proceed: 

(a) N/)«r...-N20,..bN02-bN0; 

(/;) NO2 I NO ; 

(c) 2N()2« 'N2O,. 

'the lirst, rt‘aetion (c) occurs wluai Ii(|uid nitrogen trioxide is vaporised 
afUa' having Ikm-u <ln<‘d as com[)It‘l(‘ly as possibk^. Vaj)our density 
measunaiu-nls showed that, dissociation into (‘(pud volumc^s of nitrogen 
trioxide, nilrogi-n peroxid(% aind nitri<* oxid(‘ was (*ompl(‘te at 140® C. 
At the sanu' tiiu(‘, how(‘V(‘r, th(‘r(‘ would b(‘ pn-sent a few N()2or 
and NO molecules, {//), wlueh was du(‘ to im‘ompl(‘tc drying. These 
W(*t mol(*<‘ules would tak(‘ no part in th(‘ first r(‘a(4ion, lu'itlua* would 
tlu-y (‘oml)in(‘ to form nitrog(‘n trioxide. Asso(‘ia,tion of NO2 to N2O4 
m(d(‘e\ilt‘s will occur if sutlieient moislun* is }>r(‘sent, (e)* 

Dry li(|uid nilrtigen trioxide is hhu', but if moisture; is f)r(;s(;nt a 
green liejuid results, owing to the tnixlure of W(‘t N()2 molt;euI(;s with 
tlH‘ blue- trioxide*. At very low iempe'rutuivs all sp(‘(;im(‘ns of trioxide. 
Ihh-chih* blue* eV(*n if slightly W(‘l b(‘eaus(‘ of th<; eom})l(;te assexuatiou 
of any we-t NO,, medeeules to give colourless N2O4. 

In the* gas(*ou.s state both N^O^and N2O2 an* (;olourlt*ss when t)im‘. 

Ohemical Properties of Nitrogen Trioxide. Nitrogen trioxide 
is oxidis(‘d eomptete‘ly to the jx-roxide* with air or oxygen when in tlu; 
gase<ais slaD*.*^ In the* liejuid state; oxidation only oexairs if the 
temperature* is Ih‘Iow 100 C‘.‘^ 

In many ed’its ivne^tions nitrogeai trioxide r(‘a(‘ts as a mixture ed! the; 
peroxiek* and nitric* oxide*. Some m(*talK an* eonve‘rt(‘d into t.hear oxide‘s 
with the* format iem of nitric* oxide* or nitrogt‘n, acteording to wlu;ih(‘r they 
are at a red h(*at or more* strongly igriited. llydrogcai sulphide is 
oxidiHCHi to siilphtir, and sulphur ciioxicle, in the; |)re*He;nee oi nioisture, 
undergcH*.s tlu* same* rc‘ac!tions as with nitrous acid, but no naiction occurs 
wh<*n c|uitt‘ dry. Sulpimr trioxide in (;urlK>n bisulphide solution forms 
sulpho-nitrous anhydride, (SO;j)r»(N202)jj. 

* Baki’r, I^h\ rii, p. UU. 

'* itiiii (Ui. j ttn^ 34, (i), 447. 

^ lljuiiiit’ iinii Ituhrrtic. t'ttmpt, irnd., 1919, 169 , 96H. 

* Orutiirr, AnnalnK IHSH. 245. 99 . 

•' Juiif'H, ’tmnii, i*hrm., Sar,^ 1914, I 03 , 

® Zi'itm’h, unuttj, C7 i# 7M., IH91,7» «f't ; Hulwe^t4i, /jvitneh, dnurw. (fhvid.f IIHIH, 

21 . 21111. 
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Concentrated sulphuric acid absorbs nitrogen trioxide completely 
with the formation of nitrosyl-sulphuric acid : 

2H,S04+NP3=2H(NO)S04+H20. 

Nitrogen trioxide mixes with a small amount of water at 0° C. to 
give a bluish-green liquid which effervesces with the liberation of nitric 
oxide, and contains both nitric and nitrous acids. With a large excess 
of water no evolution of gas occurs, and the relatively dilute solution, 
which contains nitrous acid, is fairly stable.^ 

According to Baker, ^ the trioxide does not dissolve as such in water, 
but sinks to the bottom and decomposes into nitric oxide and nitrogen 
peroxide, which latter oxide dissolves in the water to form both nitric 
and nitrous acids. 

Dry sodium and potassium hydroxides completely absorb nitrogen 
trioxide, with the exclusive formation of nitrite : 

2Na0H+N2O3=2NaN02+H20. 

If there is any moisture present, however, decomposition into nitrous 
and nitric acids occurs first, and neutralisation takes place with the 
formation of nitrate as well as nitrite, but a certain amount of the 
nitrous acid decomposes, with evolution of nitric oxide, before 
neutralisation.^ 

Chloroform forms a blue additive compound with nitrogen trioxide 
at —20° C., which decomposes at ordinary temperatures with the 
evolution of nitric oxide and nitrogen peroxide.^ 

Nitrogen Tetroxide (Nitrogen ‘'Per '’-Oxide). 

History. — The formation of brown nitrous fumes under varying 
conditions was noted by many earlier experimenters. Thus Hales ^ in 
1727 obtained these fumes by mixing nitric oxide (nitrous air) with air. 
Scheele® in 1777 mentions their removal from fuming nitric acid by 
heat ; and in the same year Priestley ^ investigated the gas obtained by 
the action of nitric acid on many metals, as well as the preparation by 
oxidising nitric oxide. Priestley proposed a method for testing “ the 
goodness of common air ” by mixing air with excess of nitric oxide 
over water. He was the first to notice a darkening of colour when the 
gas was heated,® which we now know of course was due to dissociation 
of the tetroxide molecules. 

Cavendish^ in 1781 showed the formation of nitrous fumes when 
electric sparks are passed through air, and these fumes dissolved in 
water to form nitric acid. Davy in 18()() attempted to determine 
the composition of nitrogen jieroxidc by mixing nitric oxide and oxygen 
and absorbing the product in water, but his results were not very 

^ Marchlcwski, Zcxisch. anorg. Ghexn., 1894, 5 , 88 . 

- Baker, Trans. Ghem. Hoc., 1907, 91 , 18()2. 

^ Klingor, ZeitsrJi, angew. Cham., 1914, 27 , 7. 

HaposclinikoR, «/. liuss. Cham. Ges., 1900, 32 , 375. 

Hales, Ycyetabh Statics, 1727, p. 71. 

® Briestley, Alcmhic Club Ucjmnts, VIIT, 198. 

^ VvmQtloy, Ex'pcrkmnU ori Air, 1777, III, 184. 

® Pricsiloy, ibi^. Mil, HI, 180. 

“ Cavendish, ibid., 1781, Part I, 188 ; Part II, 189. 

Davy, Works, HI, 16. 
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succH'ssfuI. A more accurate method was iulo|)tcd by Gay-Lussac ^ in 
1810, who nu‘a.sur(‘d tlu‘ contraction which occurred when nitric^ oxide 
and oxy^vn w<'r<‘ nux(‘d o\t‘r nu'rcury. He concluded that 2 volumes 
of nitric oxitk^ and 1 vo!umt‘ of oxy^cai |)roduccd 1 volume of nitro<^eri 
{HU'oxidc. This result is a|)|>roximatcly tru(‘ at; ordinary temperatures 
where tluuH' is a prcpond<‘ranc(‘ of molecules. 

Preparation, l. Nilro^aai t(‘troxide is ultimately obtained by 
mixin^^ lutrie oxide and (^xy^xai in the proportions ol‘ 2 : I by volume.**^ 
GompU‘ti‘ mixin^^ is obtaiiunl by passiii^ llu‘ ^asc's through a tube 
containing l>roken glass, and tin' tetroxidt^ may lu* (‘ondensed to a colour- 
less erystallint' mass in a U-tube k(‘})t at 20'’ C. : 

2N() I (), N,(>,. 

2. Tlu‘ nitrali‘s <»!' lh<* heavy metals d(‘eompos(‘ (Ui lu‘ating into a 
mixturt‘ (d* nitrogen tetroxid(‘ and oxygc'U. 'blu' tornKU' may be con- 
chaised l)y passing through a U-IuIk‘ imnuu'sed in a iVtH'/ing mixture : 

Pb(X(),), PbO 1 NA)4 1 lO.. 

ik TIu' redm’lioti of nitric avid by arstaiious oxid(‘ is oiu^ of llu‘ most 
(Huntaiitiit methods for preparing <|uantilies oi' lulrogcai t(*troxide : 

As.O-, 1 HlNO,j 2nAs().j I 2N0O4 1 HA). 

With nitrit* a<‘id td’ spetafie gravity MO or l-t.') a <‘(*rtain aniounl 
of nitrog<*n trioxide is also produee<l. (‘undall's nudhod’^ is to add a 
e<H»lc*<i mixttire containing 815 grams of fuming nitric a<'id and 150 
grufus of sulphurii’ a(nd to 250 grams <»f <*<>arsc‘Iy powdertsl arsenious 
oxide in a litre tlask. d'he reaction <‘t»mmen(S’s sliiddly al>ove room 
temperature, amt re<|uires external cooling. A rellux eomlensta* is 
(itttal t<i <‘ffeet preliminarv entiling of the gas, which is passtsl thnmgh a 
U“tulH‘ containing pluKspliorie t»xi<le, and then i*ondensed to a litjuid in 
a Uduhe stirnmnded in lei* and salt, dda' distillation is st<»pped as 
stHui us t!u* lipturl in tlte tlask turns a green t'olour; all joitds are 
glass joints, i*ork anti rubber being tpiitdvly at t nc*ked. Puritieat it>n of llu* 
litpiid Jiitnigen tetroxidt* is tdfeeted by t nailing with fuming nitric acid 
and excess phosphoric oxitle : 

2HNH, HA) XA),, ; 

X,G, iXj), 2NA),. 

The liquid i% linally distilled. passt*d over powdered arstaiiinis o,\idt\ 
and relnpicdied b)- isioling, 

4. Fractional ihstillntion of fuming nitrii! a.<’id gives nitrogen 
tetroxide eoiitnminated with small amounts of nilrie acid and nitrogen 
t rtoxide,*’ 

5. Nil rosyt-sulpburie ueiil wnnniHl with potassium nitrate «’Volvi*s 
nitrogen tetroxide : 

HfXHiSH^ » KXt), KHStL i XA>.e 

* < *»l> L.ii,;»:ijlr, An^', I.HU*, I, •itU, 

* < iit\: LiCiMiif. ,j«M, f'huii, tsUs jC|, I, lai'l ; ihki,^ iHll, plj, 2* f)H ; 

Dlj|Mfi|..s |^|, .117, 

■* J, itralt. I hi sii , |H7t, |‘.!|, 4* i* 

* c'tiiiiliill, 'i'ltin-i, t 'him. isni, invu. 

>Ulf lllt'li, i,t i}A*H^^h t I, 
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6. A number of methods of preparation from nitrites have been 
devised : 

(i) The action of nitric acid upon a nitrite : ^ 

HN 03 +NaN 02 =Na 0 IT+N 204 . 

(ii) The action of fuming sulphuric acid upon a fused mixture of 

sodium nitrate and nitrite, to which sufficient sodium bi- 

sulphate has been added to fix free sulphur trioxide : ^ 

NaN 03 +NaN 02 +H 2 S 207 = 2 NaHS 04 +N 20 ,; 

2NaHS04+S03=Na2S207+Il2S04. 

(iii) Nitrogen tetroxide is produced when fused alkali nitrites are 

electrolysed.^ 

(iv) Iodine reacts with silver nitrite with the liberation of nitrogen 

tetroxide : ^ 

2 AgN 02 #l 2 = 2 AgI-l-N 204 . 

7. A good yield of nitrogen tetroxide is obtained ])y passing a 
mixture of air and steam through a thin porcelain tube maintained at 
1600° C. The hydrogen produced diffuses through the tube, and tlie 
rate of diffusion is accelerated by raising the pressure inside the tube 
and lowering the pressure outside.^ 

The Physical Properties of Nitrogen Tetroxide. — Nitrogen 
tetroxide at ordinary temperatures is a brown gas with a characteristic 
smell, and is toxic even when inhaled in small quantities. The density 
shows a ^considerable variation with temperature owing to the 
dissociation : 

N204^2N02. 


The variation of density (referred to air=l) Avith tem})crature is 
given in the following table : — 


Tempera- 
ture, ° C. 

Density. 

Authority. 

Tempera- 
ture, ° C. 

Density. 

Autliority. 

4-2 

11*3 

24*5 

97-5 

28 

32 

52 

70 

79 

26*7 

354 

39-8 

2-588^ 
2-645 [ 
2-520 I 

1- 783/ 
2*70 ] 

2- 65 
2-26 - 
1-95 

1- 84 

2- 65 ) 
2-53 \ 
2-46 J 

Playfair and Wanklyii, 
Trans. Rot/. Soc. Edin., 
1861, 22, 111, 441. 

Muller, Annalen, 1862, 
122, 1. 

Dovillo and Troost, 
Compt. rend., 1867, 
64, 237. 

49-6 

60-2 

70-0 

80-6 

90-0 

100-1 

111-3 

121-5 

135 

154 

2-27 \ 
2-08 
1-92 
1-80 
1-72 1 
1-68 f 
1-65 
l-(>3 
1-60 
1-58/ 

Ik^villc and ^IVoost, 
Compt. rend., 1867, 
64, 237. 


^ Girard and Pabat, Bull. Soc. chim., 1878, (ii), 30, 5,‘Jl. 

Winan, Omnan Patent, 193696 (1908). 

^ Bogorodski, J. Muss. Phys. Chem. l^oc., 1905, 37, 703, 

^ Neelmaycr, Ber., 1004, 37, 1386. 

^ Westdeutsche Thomasphos'phatwerke, Oerniati Patent, 182297 (1908). 
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Theses (lata pc'nuil. the calculatiou of the degree of dissociation 
a from lh(‘ relation : 

„ . A . A-~l) 

1 b.e. ; 

in \vhi(* ** h A is tlu! llu‘oretieal density of Nj >()4 (e.g. relative to air) and .1) 
is that ohs(‘rv<‘(L 

Rcfractivity of Nitroj^en Dioxide. — Sin(‘e this gas shows a strong 
sel(‘(‘tive absorption in rc^gions of slurrter wave-length, a red line at 
A iWAH A. was (dioscm whcai the (haisity and relVacd ivity are both reduced 
tn N.T.P. For NOo, (/i - -1) (b0()0r)087 ; for N^Oi, (n - l)^:^d)-00112;b 

Dissociation of Nitroften Tetroxide. Solid colourI(^ss nitrogen 
tt‘troxid<‘ a|)[)ar(‘ntly consists of NjjO^ inoleeides entirely, but the 
liipiid (’(yntidns some NO^, tnoleeules, and tlu; eomientration of these 
latt(‘r increases with rise of temperature and is followed by the 
d(‘(‘pt‘ning of colour. Thus, between the temp(‘ratures of —10'’ to 
i\ tii(‘ Ii([uid gradually becomes a deeper yellow, until at tlie l)oiling- 
point (20 ' V.) it aissunu‘s a distinctly oraingx' colour. The reddish-brown 
vjipour eontimu's to show am increaising deepening of colour, until ait a 
t(‘mpt‘niturt‘ of I I-O" F. tlu‘ gais is ailmost bliick owing to its complete 
dissociiition into tlic single NO^ molecules : 

N,/)., '2N().>. 

The following (adih* giv(‘s tlu* p(‘rceutiigt‘S of N ()2 mol<‘e.ul(‘S prc‘S(sit 
at varying {(anperal ures whi(*h hav(‘ Ix^en cal(‘ulal.<‘d from lJu‘ density 
<ieterminali<»ns : 


'lVin|H*rat ufe, ' ( 

t)t’ii.sity (Ha 2). 

NOjj (por coat.). 

20*7 

70-0 

20 

00*2 

00-2 

50-01 

100-1 

18*0 

70-28 

185-0 

tO-2 

08-00 

1 to-o 

too 

100-00 


The dissociation (smstunt of the isjuilibrium. 


is given by 


N2<)4^ -2N02, 


K 


INaO.P 
INOiil ’ 


and tlie variation of this i'onstunl witli tempera, tuiX! is givasi in th(‘ 
following t abh* : 

Temptrature/ C. . . 0*0 IH-a I 4 )d) 70*0 1 M )*8 

l)iss<K*intion (‘onstant K. S’OtH) •'i*7I0 Id 10 Os54't 0*278 


* t\ M. < ’uthlMTtHiHJ, Jitn/, <Sor., 19111, (A) 89, 8lH. 
’’ uihI 'trutmt, lot, til. 

** Ziitsch, phy^'iik’nl. 1897, 24, (Jfil. 
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Fig. 18 shows these results graphically. 



Fig. 18. — ^Dissociation constants of nitrogen tetroxide. 


The thermal dissociation ^ of nitrogen dioxide (NO 2 ) into nitric 
oxide and oxygen above 150° C. under different temperatures and 
pressures has been studied, with the following results : — 


Temperature, 

°C. 

Pressure, mm. 

Density. 

Percentage of NOg 
Dissociated. 

130 

718*5 

1*600 


184 

754*6 

1*551 

5 

279 

737*2 

1*493 

13 

494 

742*5 

1*240 

56*5 

620 

760*0 

1*060 

100*0 


The variation in the density with the pressure at one temperature, 
namely, 49-7° C. (see table below), indicates, as was to be expected, 
an increase in the dissociation with decreasing pressure, since in the 
dissociation the number of molecules derived from a given weight of 
the gas is increased, and this tends to increase the pressure. The 
expression, which should be constant, is 

4a^P 

(lH-a)(l--a)RT* 


When a is expressed in terms of the densities, and the whole expression 
is divided by constants which are independent of the dissociation, ix, 
A and R, and also of the temperature (since this is constant), the 
equilibrium constant is represented by 


K' 


(A--D)2P 
2D-A • 


^ Richardson, Trans. Chem. Soc., 1887, 51 , 397. 
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Dissoci 

ation and 

pressure 

at 49*7° C. 

: ^ 



P(inm.) . 

0 

20*8 

93*75 

182*09 

261*37 

407*75 

Density - 

(1*590) 

1*003 

1*788 

1*894 

1*903 

2*144 

a - 

1*000 

0*93 

0*789 

0*690 

0*630 

0-493 

K' 

100 

100 

112 

124 

130 

121 


Thus, under t.lu^sc eondiiions, the ^a.s is ucaTly 50 per cent. dLssociated 
at a pressure of 497*75 nun. 

19 sliows the disscxaalion of into NO 2 , and of NOg into 

nitrie oxid(‘ and oxy^uui.- 



Sptcijic IlaiLs af Nitrogen Tdrou'idv. Tlu* spcHahc*. iu‘at al. eonslaut 
pre^ssure* of nitrogen tetroxidt* varies eonsiderably with t<unp(‘ratur<*, 
owing to disstHaation. It has been p(ard(‘<l out that tlH‘ chdc^rinina- 
tions of Bert helot and Ogic’f^ took no ne(‘<aurt of l)aroni<‘tri(* tiiu’t uations 
(jvc*r dirfi‘rent rangc‘s, and further, that tla‘ heat (h’ dissoeiation was 
in(*Iude<I in tlie spe(nfa‘ hc'at. The foll(nving tabli**^ giv(‘H restilis 
obtained l>y use id* a eonslaut tlow method whieh obviatial the necessity 

* I't iiiifi I*. NfiUitaHnii, Antudt IHH5, 24, ''15-i ; IHSa, 27, BUit 

* hr. rU, 

^ ilium, J. A met. ('htm, Soc,^ 1927, 49, 2H. 

1 II.,.., 4 .....I ^ luii't 0.1 
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of measuring the temperature change and also the water equivalent of 
the calorimeter : — 


Temperature, ° C. 

Total Heat Capacity. 

Heat of Dissociation. 

Specific Heat. 

33-73 

126 

114-6 

11-4 

41-00 

146 

134-2 

12-0 

44-00 

154 

141-6 

12-0 

55-03 

176 

160-8 

15-2 

60-90 

178 

163-3 

14-7 

63-33 

179 

162-4 

16-6 

70-70 

168 

153*1 

14-9 

80-89 

143 

126-9 

16-1 

97-51 

93 

75-5 

17-5 


These results show that the specific heat of nitrogen tetroxidc is 
very small compared with the heat of dissociation, and also that the 
value Cj, for N2O4 is slightly greater than for NO 2* 

The following table gives the results of a number of observers which 
have been collected and recalculated : — ^ 


Tempera- 
ture, ° C. 

Pressure, 
mm. Hg. 

Percentage 

Dissociation. 

2> 

c. 


25 

599 

19*51 

19-98 

17*92 

1*1154 

23 

304 

25-00 

16-96 

14-93 

1-1359 

23 

106 

40-54 

13 70 

11-69 

1-1712 

22 

218 

28-24 

1 17*19 

15-17 

1-1330 

21 

500 

11-21 

22*22 

i 

1 

20-17 

1-1020 


The heat of dissociation of gaseous nitrogen tetroxide has been given 
by various observers as -—13,000,^ —13,050,^ —12,900,^ —13,920,^ and 
—13,132 ^ calories respectively. 

The heat of formation of nitrogen tetroxide (containing 9 per cent, 
of NO2) from 2N+40=N204, is —3900 calories. 

In the case of completely dissociated NO2 the value is —8125 
calories, and with completely associated N2O4 (liquid), —2650 calories.® 

The heat of formation of liquid nitrogen tetroxide (N02=4<6 grams) 
is —2200 calories.’ 

The heat of vaporisation at 18° C. is —4300 calories.’ The latent heat 
of fusion varies from —32*2 to -37*2 calories per gram, which corre- 
sponds to —2960 to —3420 calories per mol. of N2O4. The value 

1 Partington and Shilling, The Specific Heats of Gases (Benn, 1924). 

2 Swart, Zeitsch. physikal, Ghem., 1891, 7, 124. 

^ van ’t Hoff, Yorlesuyujen, I, 1901, p. 140. 

^ Boltzmann, Wied. Annalen, 1884, 22, 68. 

® Schreber, Zeitsch, physikal. Ghem., 1897, 24, 660. 

® Thomsen, Thermochemische Untersuchmigen, 1906, j). 163. 

’ Berthelot, Ann. Ohim, Fhys., 1876, (v), 6, 145. 
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(‘aleulatxHl ivom the (l(‘prt‘ssion ol* the ireczin^^-poiiit is ™33-7 calories 
p(‘r Th(‘ tlua'iual (‘onductivity lor NOg at 150° C. is ()-()033.“ 

The tlua’inal expansion of licjuid nitrogen tetroxide. is very re^nilar,'* 
as is evidenl from Mu‘ followino^ data : — 

Teinperatunx ° (\ . 0 5 10 15 20 

Volume . . 1-0000 1*00789 1*01573 1-02370 1-03190 

Molecular \vc‘i<j^ht (U‘tc‘rminalions in acetic acid show that liquid 
nitro/^(‘n t(‘troxid(i is not: polym(‘ris(*d Ixyond the N^O.t molecule/^ 

The effect of ull ra.-vioI(‘t li<,dd. on nitronxai tetroxide Jias been studied/* 
and it is found that an iiua't-ase in pressure occurs which is not due 
to heatin^^ (‘ffc'ct of ilu^ al)sorlH‘d li<jj^lit. dliis [)ressure incrciase is du(‘, 
tirstly, to a photoeht‘ini(‘al e(juilibrium ii\ the system ; 

2N(.)2^ --2N0'h02; 

I >n rk, 

whih‘ in the svvond pla(»e tluT(‘ is a heatin^^ effect due to tlu^ re(*om- 
hination of nitric oxid<‘ and oxyi^en as well as by absorbed radiation. 

Tht‘ refractive* index of <!^aseous nitro^esi t(‘troxide is 1*000503 at 
3(»“ ^dso p. 1th)), 

Tlu‘ sjx'ctrum of nitrogen U-troxide* has Ixxm st.udiexl by Ihhl/ who 
found that there was an increase* in the* <fe*ne‘ra.l anel se*U‘e*.tive abse>rptiou 
with rise* e)f le*mpe‘rat ure*. The* ce)nelusion that the* a.bse)rption spe‘etrum 
is elue‘ e*ntire*ly to me)le*e*ule*s is suppeu'te-el l)y the* fa, eh. that no abse)rp- 
tion is shenvn by liepiiel nitre>|j^<*n te-trejxide* a. tew <le'<^re‘e‘S be*le)W 0" 

Liquid Nitrogen Tetroxide. As nu*ntie)ne*el in the* pre*parnt.ion, 
nitro^^U'n te‘tre>xiele is e-asily liepu-he-d at atme>splu‘rie pre*ssure* by (*0U“ 
de-nsiu*..? the ^uis in a fre*e'zin^ mixture*.” The* liejuiel is pale* ye‘lle>w in 
(*olour and boils at 22 “ 

The* variation e>f the* ele*nsity e)f liepuel nitre><j^e‘n te‘tre)xidet with 
te‘mpi‘raturt‘ is shenvn in the* follenvini^ table* : *** 

'IVnijM'nitai'f. i\ i t n 1 a i K) | 15 j 2I'{5 

Ik^nHity . . n5(»:i.i l*5(Kk» 1*50*20 1*5000 1*1055 l-IHKO M770 1*1710 M5i>H 

I'he eh‘nsity e»f liejuid nitre^^e-n te-tre^xide* be‘twe*e'n 0“ and 21*5" (!. 
may be* r<’pre*,senleei Iw the* t‘t{uatiem 

n; 1*400 0*002 1 5b 

The* vapour pre-ssure* of iiejuiel nitro^e*n te*lroxide at different 
temp<*raturt*s is ^nve*n in the* following table* : 


* Hniiiiiiiy^ Zftimih phiinikiil, IHOO, 5» 

8 |>VIi{‘iiUii, Phif-tiibiL HH15, 5, 20. 

•** Tmnjf. Vhrm, IHMO, 37, 111, 

UiUtiHiiy and Shirldn, Transi. (‘htm. StH\^ IHOO. 12, 153. 

* \‘«>rrinh, ihiti » 1027, ijn 701. 

ZnpM'h. phifiik'itL 1 00 1, 36, .322, 

^ lull, Jmrr. 1HH5, 7,32. S«*»’ hIhh Zfilm'h. anal, 1871), 

iB, 571 ; Kimdt, i'mpj. Annah n, 1870, 14 %, 157 ; e5*rat'‘/, ('ampL rtml., 1872, 74, 405. 

® Oii\- Ann. ('him, /*/#»/■’#., |H|0, X, 405. 

» ihlib, 1015, 45. n)/4l3. 

iJritllirT. Anmiirn. IHSH, 24^,00; I’llnrp-, TniUfs. T/irw. Xor., iHHtl, 37. Ml. 

“ Ciwi'iil iind e,iirii}rr, Unit. Snr. r/iiw., 1010, (iv|, 25, IKBl, 

{ ,! SiOutOi-r jtfiil *rr*<nli K. Aktitl. Wtlrnm’h. A mHlenliim. 101 L 14, 530. 
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Temperature, ° C. 

Vapour Pressure, 
mm. Hg. 

Temperature, ® C. 

Vapour Pressure, 
mm. Hg. 

— 28*0 

70 

15*0 

565 

— 10*0 

146 

21*45 

770 

— 6*9 

180 

27*4 

1007 

— 0*6 

256 

39*0 

1668 

+ 7*7 

298 

48*2 

1982 


The critical temperature of nitrogen tetroxide is 158*2° C., and the 
critical pressure 100 ±2 atmospheres.^ 

The freezing-point curve of nitrogen tetroxide and trioxide mixtures 
is shown in fig. 20.^ Solid tetroxide or trioxide separates according to 



100 90 60 70 60 

1^2 


Fig. 20. — Freezing-point curve of nitrogen tetroxide 
and nitrogen trioxido mixtures. 

the richness of the mixture, and eventually a eutectic mixture separates 
at —112° C. which has the composition 7*8 per cent. and 92*2 per 

cent. NgOg (corresponding to 68*6 per cent. NOg and 86*4 per cent. 
NO). No other compound exists, therefore, between —10° and —112° C. 

Solid Nitrogen Tetroxide. — Solid nitrogen tetroxide exists in the 
form of colourless crystals, the melting-point of which is given variously 
as —10*1,^ -10*5, —10*8,® and —10*95.® 

The variation of the vapour pressure with the temperature is given 
in the following table : — ^ 

1 Scheifer and Treub, Proo. K. Akad. Wetensch. AmHterdamf 1912, 15 , 16(5. 

" Wittorf, Zeitsch. amrg. Ohem., 1904, 41 , 85. 

3 Ramsay, Zeitsch. phyaikal. Oh&m.^ 1890, 5 , 221. 

^ Egerton, Trans. Ohem. Soc.y 1914, 105 , 647. 

® BoludTer and Treub, Proc. K. Akad. Wetensch. Amsterdam, 1911, 14 , 53G. 

® Bruni and Borti, Atli It. Accad. Lincei, 1900, (v), 9 , i, 321. 
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Tempt^rature, “ C. 

Va})()ur Pressuro, 
in in. Hg. 

TenuK^ratiire, ° 0. 

Vapour Pn^HBuro, 
inm, Hg. 

-no 

00 -240 

70 

0-1510 

to 

9 *770 

80 

0 - 03 C 0 

r>() 

2-440 

90 

0-0090 

oo 

0*()05 

— 100 

0-0020 


The above valiums are obtained from the equation 
lo^r p , 1 4 - 910 () f fl (<)*()00 1 ). 

It would s(‘(un that solid nitro^c^n t( 4 roxide consists entirely of N 2 O 4 
liiolcjcules. 

Chemical Properties of Nitrogen Tetroxide. Nitro|^^en tetroxide 
is not inllanunal)l<% n(‘itluT does it suf>port th(‘ combustion of feebly 
burning substaiiees, c.g. a t aper is extinguish(‘d. At higher temperatures, 
however, it is a powerful oxidising agent, owing to its de(H)mposition 
into oxygen and nitrogen. Thus, freely burning (*arl)on, sulphur, and 
phosphorus are eonvert<Hl into th(‘ir oxides ; ^ earl)on monoxide tnirns 
to the dioxide, and hydrogen sulphick* to sult)hur, with formation of 
nitric oxidi‘. Uytlrogim mix(al with nitrogtai tcdroxide, and passed over 
platinum,*^ <*opp(u\ or nickel,'* r<‘duc(‘s tlu' t,<*troxi<le to ammonia. 

Potassium, whit*h burns with a rtsl tlanu' in N^O.j, sodium, lead, aiul 
m<‘rcury art^ all oxidisc'd to th<‘ nitrates, with formation of nitric oxidtx 
I nan eobalt, and tin, heut(‘d to 500 *' (*., art' eonvt‘ri(‘d into (»xid<‘s, while 
many l<»wer m(‘talli(’ oxid<*s an* furtluu' oxidistsl at. this tcanpt'raturc' in 
tlu‘ gas. (’ah'ium oxide yit'lds tiu' nitrai(‘ when heaUal to JK)!)** tOO'^ 
whil(^ barium oxide at 200 *' (*. [>rodue(‘S botli nit rat(‘ and nitriUx^’ 

(Vrtain metals, hU(‘h as eoppca*, nickc'l, and cobalt, when in the linely 
dividcal (’ondition, al)sm'b both gaseous and licpnd nitrogtm tt'troxide, 
with th(‘ formation of unstable products, whi(‘h dec'omposc^ into their 
const itui'nts on luxating, and rt'uct vigorously with wut<*r, evolving 
nitri(! oxiilc and li*aving a solution cemtaining nitrittss and nitratc\s,** 
These s<M‘all(*d nitrounctals " were considen*d to h(* ([(‘hnitc' (*om- 
pounds with formtihc such us Ni^NOg, t’o.jNO^. Ih'ccnt 

wtu'kj however, with tlu* .supp(»s(*d *“■ nitro-eopp(‘r has shown it to he 
merely an adsorption (’omplex of NO^ in Gu./). Tht* amount of nitrogen 
peroxide' ah.sorb<*d by the {‘opp<‘r is variabh*, and thc' first ri'action is 
the eixielation of the* eoppe*r to cuprous oxiele : 

2 (’u 1 NO 2 Clip \ NO. 

The cuprous tixide then reabsorbs the tetroxide, proelueing a complex 

* (%im, IHia. (21, a, IU7. 

® Ktililiimim, IKi!*, 29 , 272, 

HiihatitT intti rt nd., 135, 27H. 

* Emilmh PaU-ntt 22 tl$l ( 1913 ). 

®' Ammirn^ isil'i, 18, 122. 

* Siibiitirr Mui rrm/,, 1882, X 15 , 2115 ; Ann. Php>i.^ IBIHI, 

(vii), 7, 348. 

^ Fiiriiiigttin, Tmm. Vhrm. AW., t824. 125 , 72, 0113. 
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Cuprous oxide is capable of absorbing 30 per cent, id* 
tetroxide gas, but the liquid has no visible action. 

Nitrogen tetroxide resembles nitric oxide in forming achli * 
pounds with metallic halides. A number of such compounds i 
investigated/ typical examples of which are BiCla.NOg, 
FeClg.NOg, 4FeCl2.N02, 4FeBr2.N02. 

Dry oxygen has no action upon nitrogen tetroxide, Ut* 
presence of water, oxidation to nitric acid occurs. Ozone o 
tetroxide to the pentoxide. 

Nitrogen tetroxide reacts with small quantities of water f « 
nitrous and nitric acids : 

NgO^+HgO-HNOg+HNOa. 

The subsequent decomposition of the nitrous acid depencK 
amount of water present. If the latter is small, then tlir 
reaction occurs : — 

2HN02^N203+H20. 

An excess of water, however, results in the production 
oxide and nitric acid : ^ 

3HNO 2:^HN03+N0 +H2O. 

Well-cooled liquid nitrogen peroxide added to a small (pi 
water produces two distinct layers. The upper light green D* 
sists of nitric acid with nitric oxide, while the lower deep blti* 
chiefly nitrogen trioxide : 

2N204+H20^N203+2HN03. 

If oxygen is bubbled through these two layers, the top layoff 
orange-yellow, and contains nitric acid of concentration 95 t = 
cent., while the bottom layer consists of nitrogen tetroxidi* 

10 per cent, of nitric acid.^ 

Solutions of potassium and sodium hydroxides readil\* 
nitrogen peroxide, with the formation of nitrate and nitrite, 
decomposition by the water present first occurs, and the ncnd i 
of the nitric and nitrous acids then follows. Some nitrous 11 1 
ever, always escapes neutralisation, and decomposes with » 
nitric oxide. Maximum absorption occurs when the conctiit 1 
the alkali is about 1-5N. A 4N solution absorbs to the saiii 
as water, and stronger solutions are less effective than pitrt 
A commercially pure alkaline nitrate is produced by passing itt 
peroxide in excess of the quantity required for neutralisation 1 
and nitrate. The nitrite is converted into nitrate by the itt 
formed by the action of the peroxide on the water, accoin|*i 
evolution of nitric oxide : 

NaN02+HN03=NaN03-f[HN02]. 

Nitrogen peroxide is absorbed by aqueous solutions of sot I 
potassium carbonates less vigorously than the caustic alkalies « 

1 Thomas, Compt, rend., 1895, 120 , 447 ; 1895, 121 , 128, 204 ; 1896, 123 . 
124 , 366 ; Ann. Chim. Phys., 1898, [7], 13 , 145. 

2 Saposchnikoff, Chem. Zentr., 1900, (ii), 708 ; 1901, (ii), 330. 

3 Friderich, English Patent, 319 (1911). 

* Webb, Absorption of Nitrous Oases (Arnold, 1923). 
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‘tiul nitrite are produced with evolution of carbon dioxide less vigorously 
I iian when using caustic alkalies.' 

Conetaitrated sulphuric acid absorbs nitrogen peroxide with the 
lorniation oT nitrosyl-sulphuric acid : ^ 

N204 + H2S04::;=:±=N02.S03H + HN03. 

1 his reaction is reversible, and proceeds from right to left with rise of 
tcnnperaturc.^ 

Sulphur dioxide and sulphur trioxide give a number of complex 
stihstances^ when acted upon by nitrogen peroxide under varying con- 
ditions.^ Tlic composition of these compounds has not been elucidated, 
htit it is stated that the chief product of liquid nitrogen tetroxide and 
sulphur dioxide is 0(S02-0N0)2, which may be regarded as the 
anliy<lride o[‘ nitrosyl -sulphuric acid.^ 

Both dilute and concentrated nitric acid absorb nitrogen peroxide,^ 
and the nuixinmm amount absorbed by the concentrated acid is 42-5 
f uu* e(‘nt. by weight. This corresponds to the formula N2O5.N2O 4.1120.^ 

Solid nitrogen tetroxide and liquid ammonia at -~8()° C. react with 
(‘xplosive violence, but with gaseous ammonia at —20° C. a less vigorous 
lauudion occurs, with the formation of a number of products such as 
nit r()g(‘u, nitric oxide, water,- ammonium nitrite and nitrate. 

Nitrogen peroxide is a useful nitrating agent for a large number of 
organic compounds.'^ 

Liejuid nitrogen peroxide is a useful solvent for cryoscopic deter- 
minations ot a number of organic compounds, the molecular elevation 
of tlu‘ boiling-point being 13 - 7 ° C. and the molecular depression of the 
rrtH‘'/ing-|)oint 41 ° C.^ 

Constitution.— Various constitutions have been assigned to 
nitrogc^n peroxide both in the NO2 and N2O4 states. In N2O4 both 
uitrog(‘n atoms may be assumed to be tervalent or quinquevalent : 

O -N ^O-N==0 

<»r possibly (‘ach of th(‘ nitrogen atoms exhibits a different valency : 

*^\n-o-n=o. 


or 


>N-N< ; 


'I’his Ibrnmla best cxi)lains the mixed anhydride eharacter of the 
tetroxide us c-xlubilod I)y its reaction with water to form nitrons and 
nit ric jU’ids. 

Dilliculty is oxjK^rienoed, however, in the case of NOg. Here the 


‘ WcIht, I’iujij. Annnlcn, I8()7, 130, 277 ; bungo, ./Jen, 1879, 12, 1058. 

'•* li-tuigr and \\Viiitnitil), Zcitsch. mujvw, (Jhem.j 1899, 12, 417. 

WVIht, iac. n’(, ; aiul 18U4, 123, 839; JfaHonbaoh, ,/. praH. Ohem., 1871, [SJ, 4, 4 ; 
M iioUtuiy, 1883, 47> 

^ niid Marchlt'WHky, ZeiUch. antjcMK Chcm.j 1912, 25, 10. 

* PiUfitt and UaniHa’, Hall. t^oc. cfiim., 1919, (iv), 25, 309. 

Ik'HHftii aral KoHHtd, (k>mpL rand., 1900, 142, 033. 

‘ Wudaiat Hrr., 1921, 54» 1770. 

KiUiway, ZatlHch. phudkaL (Jha.nL, 1900, 5, 221 ; Bruni and Bertd, (kizzeita, 1900, 30, 
fiiL l.ll ; Pranklntid niid Kannar, Tram. (Jha.m. Hoo., 1901, 79, 135(5. 

' ..... ... . , 12 


178 


NITROGEN. 


nitrogen atom must either be tervalent or quinquevalent with a free 
valency, as in 



or else the nitrogen atom must function in a quadrivalent capacity : ^ 

0=.N-:0. 

In accordance with the theories of valency stated on p. 14, the 
nitrogen atom is quadricovalent with one mixed bond, thus : 

0=:N >0. 

Detection and Estimation. — Nitrogen tetroxide can be readily 
detected by its colour, odour, action on starch iodide solution, etc. 

The estimation is accompanied by difficulties which have been 
mentioned in connection with nitric oxide (p. 159). The absorption by 
aqueous caustic alkalies to form nitrite and nitrate may be used 
quantitatively : 

N204+2Na0H=NaNO3+NaN02+H2O- 

The formation of nitrosyl-sulphuric acid occurs by absorption in 
85 to 95 per cent, sulphuric acid, and this may be estimated by titration 
with potassium permanganate. 

Nitrogen Pentoxide. 

History. — ^Deville^ first isolated this oxide by decomposing silver 
nitrate with dry chlorine. Meyer ^ obtained it later from nitric acid by 
dehydrating with phosphorus pentoxide. 

Preparation. — 1. Dry chlorine reacts with silver nitrate at 95° C., 
and as soon as the action has started the mixture is cooled to 50 
60° C. The nitrogen pentoxide evolved is separated from the oxygen 
by condensing in a U-tube immersed in a freezing mixture. No corks 
or rubber joints may be used owing to the corrosive action of the gas : ^ 

4AgN03+2Cl2=4AgCl+2N205+02. 

It is also produced by the reaction between nitryl chloride and silver 
nitrate : 

N03Cl+AgN03=AgCl+N205. 

2. The most convenient method is by tpie dehydration of nitric 
acid.^ This is first obtained pure by repeated distillation with con- 
centrated sulphuric acid, and bubbling dry air through the final dis- 
tillate in order to remove oxides of nitrogen. 200 grams of this “ white 
fuming acid are put into a 2-litre flask with a side arm at right angles 
to the neck, and 400 grams of phosphorus pentoxide are slowly added 
during cooling until pasty. The flask is then attached by means of 

1904 ^84^ Schwerin, Ber., 1901, 34, 1863, 2354; Divers, Trans. Chem. Soc., 

2 Devme,^7iw. CMm. Phys., 1849, (iii), 28, 241. 

® Meyer, B&r., 1889, 22, 23. 

^ Meyer, he. cit . ; Daniels, J. Amer, Ohm,. Soc., 1920, 42, 1131. 
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sealin^^-wax to Ihret' wasli-botlles, the first coiitaiiiiii^ p^hiss-wool and 
phosphorus peutoxide, and the others being empty, and imnua'sed in a 
freezing mixture of ica^ and salt. The flask is heated oil a water-bath 
to ()()" -TO"’ Cl and a. slow stri^am of air (dried by eoiu^cntrated sulphuric 
a,(*id) is pa.ss(‘d through the [laste. Tlu‘ nitrogem pentoxich' collects in 
th(‘ wash"bottl(\s as a slightly yi^llow brittle solid : 

2 IIN(),:.No ()5 1 ILO. 

3. Nitrogen trioxidi; and nitrogen ti'troxicU^ are l)oth oxidised by 
ozone to nitrogiai penfoxide.^ 

•I*. A mixture' of uitroge'ii and oxygtm ea,u bc' (‘onvcrtc'd into nitrogen 
pead oxide by nuams of tlie silent electric discharge in the presence' of 
ozone*. 

Physical Properties. Solid nitrogi'u pe*ntoxide exists in (U)lour- 
I(*ss, frans}uirent rhombic plates, nu'lting-poiut 21)*5'^ C-.,’^ and sp(*(*ilie 
gravity The yellow colour which develops at the melting-point 

indi(*al(‘s decomposition, and this latteT is ima’casc'd on furtlier luaiting : 
the orange* liepiid turns dark brown, with eonside'rable evolution of 
brown funu'S. Ha[)id lu'ating cause's <*xplosivc dt'coinposition. Nitrogc'ii 
pi'utoxide* volatilise's in dry air, but deliepu'seu's in moist air with the* 
formation of nitric aciel. 

I'he* vapour pressure's at variems te'inpe'rature's arc ais follenvs : 

Vapenir pre'ssure*, mm. Hg . I.H 32 71) 183 l<2() 7(U) 

Tempe'rature', C‘. . . 15 5 1 5 1 15 | 25 | 32*5 

dlu'se* value’s are (‘Xpre’sse'el in the e*e|ualie>n 

low 1 ’ 'fjl t •'l l'-l low T -8r>-!>2!). 


TIu* heals ed* format iem arc* as folhiws : - 

1 5() N 205 (gas) - 1,200 (uiloric's. 

NC, I 50 N.Oft (liepiid) 1 3,000 
N." j 50 NgOf. (solid) (11,800 
NI ( 50 NnOr>(H<l-) I 28,000 

The lieat of e*ombiuatiou with I molee’ule of water is 2*320 Cals., 
and with c’xeess of wate'r 10*200 (’als.*^ The' e'aleulait*d lu'al. of t‘vape>ra 
tion is 4*8 to Cals., and he*at. eif rnsie)n 8*280 Cals,** 

The* lu’uts ed' sublimation in a ele>s<‘el ve'sse*! })e‘le>w 30*' C.. are' as 
follows :■■■ ^ 

Temperature*, “ (A . , . 10 0 (10 ( 20 

Heat of sublimatiem (cals.) . 12,300 12,700 13,300 I kl tO 

The* d(*eeun|K)sitie)n ^ e>f nitrogen peutoxidc is a he)mogc‘ne'ous rc'aetion, 
i.a, it proe’eeels in the gas phase* anel is inde|)endent <d‘ e*atalysis or wall 
effi'et. The de’eomposition proe*t*t*els ae*(*oreling to tin* e‘e|uatiou 

* Atii U. Amtil, Unrn, 12 . (i). 2U ; Zt M. KhHroHirm., IIHHJ. 12 . fi5(). 
ICuhh rtiul Klirlit'li, Zrilmii, F.U ktruvh* nh.f tUM, 20 , 45. 

^ n<*rth<4ut, iiuU, Sar. chim., 1H74, Cii). 21, 53. 

* I )iiiui4h iumI firight, •/. Amt f, i'htm. Snr,^ 1920, 42 , Ulll. 

Whitr iiiiil 'ruhiiiiiij, ihiti., 1925. 47 , 120); H'liot. tu»«i ifnd., 1925, 47 . ltH)2. 
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2^2^ 5 4 "f" ^ 25 

and is a iinimolecular reaction at all temperatures : 

. 65 55 45 35 25 0 

K . 0*292 0*09 0*0299 0*00808 0*00203 0*0000472 

Q (cals.) 25,880 22,750 25,370 25,100 24,240 

The heat of activation,” Q, is derived from the Arrhenius equation 

d log K Q 

dr~““RT 2 ’ 

It is equal to the quantum of energy required to activate each molecule, 
multiplied by the Avogadro number N : 

q=mv. 

The reaction constant remains that of a unimolecular reaction down 
to low pressures : ^ 

^(NoOs) . 278 281 114 51*6 9*G 0*0264 0*00185 

K . 0*027 0*027 0*026 0*026 0*027 0*020 0*021 

The rate is much the same in inert solvents such as chloroform and 
carbon tetrachloride.^ 

The decomposition of nitrogen pentoxide is retarded by the presence 
of ozone.^ 

Chemical Properties. — Nitrogen pentoxide is a powerful oxidising 
agent owing to its decomposition with the liberation of oxygen. Many 
substances when heated in it burn, such as carbon, phosphorus, and 
sulphur. The latter element gives rise to white vapours which form a 
sublimate of the composition S 205 (N 02 ) 2 — nitrosul phonic anhydride. 

The pentoxide is a useful nitrating agent for organic compounds, the 
reaction being similar to that of a mixture of nitric and sulphuric acids.^ 
Nitric acid dissolves nitrogen pentoxide, and a dehnite compound, 
2 HNO 3 .N 2 O 5 , has been obtained which is liquid at ordinary tem- 
peratures but solidifies at 5° C. 

Sulphur trioxide reacts with nitrogen pentoxide in carbon-tetra- 
chloride solution, with the formation of a crystalline precipitate melting 
at 124® to 128° C., which is probably (S 03 ) 4 .N 205 : ^ 

/SO 2 .O.SO 2 .O.NO 0 

0 <( 

\s02.0.S02.0.N02 

Nitroso-nitrogen Trioxide, (NaO^)^,. 

When nitric oxide is passed through liquid air or oxygen, or when air 
or oxygen acts on solid nitric oxide at —185° C-,, a green solid is produced 
which was assumed to be nitrogen hexoxide, NO 3 or The same 

^ 'DaniclH arul JoIiiibUhi, J. Amcr. Ckvm, 1921, 43, .52. 

'•J Lu(‘(d<, ihid., 1922, 44, 757. 

Wulf, and Karror, ibid., 1922,44,2402. alno HirHi, TrmiM. Ohm.. 

1925, 127, 557 ; Hirat and Kid(‘al, Pror.. Uoif. A'nr., 1925, A109, 525. 

‘‘ Gibson, Pme. lioy. Poc.. Ed.w., 1908,28, 705. 

Dicitot and Karl, Cowpt. rend., 1907, 145, 228. 

® Ibdhig, Atli R. Atrad. Linevi, 1902, 5, 155; Mulbn*, ZviMi. (oumj. Ohnri.y 1912, 76, 
24 ; 1914, 86, 220. 
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oxulc was considered to be formed by the action of a silent discharge 
throiigh a mixture of nitrogen, or nitrogen tetroxide and oxygen, oi 
by the action of an induction current on a mixture of nitrogen tetioxi c 
and oxygen.*'^ 

The green solid mentioned above is now assumed to be nitroso- 
nitrogen trioxide, having an empirical formula and is produced 

according to the following reaction : — 

O O 0 0. 

O— N~-N--N==0 0--N--N-“N===0 

I ^ — •> I 

6-^ N~N-N==0 0-N-N--N=-0 


I'his [xu'oxidised polymeridc of nitric oxide is irreversibly eoiivca'tcd 
into nitrogen trioxide. 

^ HauU-smUi Hiul OhappiiiH, Uom-pt. rendu, 1881, 92, 80, 184 ; 1882, 94, 1111, I.IOO. 

B('rdi(‘l()t., d/m. a/idm. Phyn., 1881, (v), 22, 482. 

'* Uaaclu', J. Am:j\ Ohem, Soe., 1925, 47 , 2148. 
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NITROUS ACID. 

History. — As early as 1777 it was realised that there was more than 
one “acid of nitre.” Scheele ^ distinguished “ phlogisticated acid of 
nitre ” from nitric acid as being a weaker volatile acid produced by 
the reduction of nitric acid. He also showed that nitre, when strongly 
heated, lost oxygen, and left a deliquescent salt which readily decom- 
posed into a volatile acid when treated with acid. Priestley ^ had 
previously described the brown liimes produced by oxidising nitric 
oxide as “nitrous acid vapour,” while the terms “nitrous acid gas ” 
and “ nitrous acid ” were used later by Davy and Gay-Lussac re- 
spectively. Confusion of terms, however, existed, due to the fact that 
both nitric and nitrous acids were present, and the means of dis- 
tinguishing the two were not available at that time. It was understood 
clearly, liowevcr, that there were two distinct salts, nitrates and nitrites, 
and Cavendish ^ showed that silver nitrite was precipitated when 
})otassium nitrite was added to a solution of silver nitrate. Gay-Ijussac ^ 
was the first to prepare nitric and nitrous acids by the careful oxidation 
of nitric oxide with oxygen in the presence of water. 

Nitrous acid is an unstable compound, and all the methods of 
pre])aration yield an acpicous solution of the acid. 

Preparation. — 1. Nitrogen trioxide, N2O3, which is nitrous anhy- 
dride, })roduccs a weak solution of nitrous acid when treated with ice- 
eold water : 

N203~hH2O=2lIN02. 

2. Dilute hydrochloric acid decomposes silver nitrite with the 
liberation of nitrous acid : 

AgNO 2+HCI - AgCl +nNO 2. 

ll. Alkali nitrites similarly decompose with dilute avids, and this 
affords a. convenient laboratory method. Nitrites may be prepared by 
reducing nitrates with metals,^ or suljdiitcs,^^ or clcctrolyliealiy ; also 
by absor|)tion of nitrogen trioxide l)y alkalies.^ 

4. Oxidation of ammonia with hydrogen peroxide produces nitrous 
avid, l)ut thc^re is always some ammonium nitrite present in the 

solution ; « NII.v-t-SHaOa-IINOa+i.II^O. 

^ Trrulm' on Air and Fire. (1777) ; Alcmhic Club McjirintN, Vlll, 20. 

“ K.vp(‘ritncnLi on A ir, 1774, i, 110—115. 

y Alvwbic (JLab Reprints, UI, 40. 

^ Ann. Ckivh., 1810, i, ,'199. 

/'cf/f/, Amude.n, 1848, 74, 115. 

« fttnrd, RulL Roc. chim., 1877, [21, 27, 4:54 ; Ivo itoy, (JonupL rend., 1889, 108, 1251. 

' Muller and S|)ity.er, Zeitsek. IClvklrodivin., 1905, ii, 917. 

” Divern, Trans. Chem>. Soc., 1899, 75, 85. 

« VVeith and Wvber, Bar., 1874, 7,1745; and SeylcT, ibid., 188:5, 16, 1910. 
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5. Nitric oxide j^assed into nitric acid reduces the latter to nitrous 
acid : 

HNO3+2NO +H2O ==3HN02. 

Physical Properties of Nitrous Acid. — The aqueous solution oi 
nitrous acid is blue in colour, which quickly fades with evolution oJ 
brown fumes, leaving a solution containing only nitric acid : 

3HN02:^HN03+2N0+H20. 

The decomposition of nitrous acid is unimolecular, and the strongest 
solution \yhich can be obtained at 0^^ C. is 0-185N, prepared from the 
decomposition of barium nitrite with dilute sulphuric acid.^ 

The aqueous solution is more stable when kept at low temperatures 
and small concentration, and also when under pressure of nitric oxide. 
The decomposition of a cold dilute solution follows the reaction 

3HNO 3 + 2NO + II 2O, 

whereas stronger solutions at higher temperatures deconqDose according 
to the equations 

2IIN02^N203+H20^N0+N02+H20. 

Other factors also influence the decomposition, such as agitation, 
surlace area, and presence of nitric acid.^ The decomposition of nitroiif- 
acid in dilute acid solutions has been studied.^ 

The heat of formation of nitrous acid is as follows : — ^ 

N2O3, Aq. =—6,820 calories. 

II, N, O2, Aq. = 30,770 

2NO, O, Aq. = 36,330 

II, NO, O, Aq.= 52,345 

Ng, 2H2O = 71,770 „ (product as NII^NOg) 

Heat of solution = 4,700 „ 

The decomposition of nitrous acid in dilute solution is attended with 
the absorption of 18-4 Cals.® 

The heat of neutralisation with ammonia is 9T00 Cals., and with 
l)arium hydroxide 10*600 Cals."^ 

The velocity constant of decomposition is 0-00014 at O'" C., ()*00()22 
at 21° C., and 0 00057 at 40° C.^ 

Tlie dissociation constant at 0° C. is 6 X lO”"^ ^ and the calculated 
mobility of the NO2 ion is 64*5, that determined from AgN02 being 
63,^ and from I3a(N02)2 01*7.® 

The (dectrical conductivities at 25° C. for dilutions of 512, 1024, and 
1536 are 150*7, 189-0, and 217-0 respectively. 

A Ray, Dc^y, and Cdiosh, Trans. Chem,. 1.917, iii, 413. 

" Velcy, Proc. Hoy. Hoc., 1893, 52, 27, 54. 

vSa{)c*)Bchriik()ff, Chem. Zmtr., 1908, (ii), 1330. Sex’) also Veley, Trans. Ghem. Hoc., 1917, 
III, 415; Knox and Reid, J. Hoc. Chem. Ind., 1919, 28, 105T ; Brincr and Durand. 
Oorwpt. rend., 1912, 155? 1495. 

^ .Klenunu^ and Poliak, Zeitsch. physilcal. Chem., 1922, loi, 150. 

& Tlionisen, Be/r., 1879, 12, 2002. 

® Brinor and Durand, loc. cit. 

^ Bcvrthelot, Ann. Chim. Phys., 1875, (v), 6, 145. 

® I^iek, JHsserlalion, Breslau, 1900. 

Voj^(4, Zeitsch. ammj. Chem., 1903, 35, 385. 

Schumann, Ber., 1900, 33, 527. 
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Chemical Properties of Nitrous Acid. — Nitrous acid functions 
both as a reducing and an oxidising agent. Thus all the ordinary 
oxidising agents, such as hydrogen peroxide, permanganates, chromates, 
ozone, bromine water, are reduced and nitric acid is the product : 

HNOa+O-HNOg. 

On the other hand, many reducing agents are oxidised, the primary 
decomposition being : 

2 HNO 2 - 2 NO + O +H 2 O. 

Stannous chloride is converted into stannic chloride, sulphuretted 
hydrogen into sulphur, sulphur dioxide into sulphur trioxide. Iodine 
is liberated from potassium iodide, 

2 KI+IIN 02 = 2 K 0 II+ 2 N 0 +l 2 , 

or in acid solution, 

2 III +1INO 2 =21120 +2N0 + 1 2 , 

and this reaction is used in the detection of nitrous acid. Many organic 
colouring matters are bleached by a process of oxidation, e,g. indigo, 
liiinus, and methyl orange. 

A large number of secondary decomposition products of the reduc- 
tion of nitrous acid include nitrous oxide, hyponitrous acid, hydroxyl- 
amine, nitrogen, and ammonia. Urea and nitrous acid react to give 
nitrogen and carbon dioxide : 

C0(NII2)2+211N02=:2N2+C02+3H20. 

The intera(!tion of liydrazine and nitrous acid seems to be of 
a (•()m])Icx nature, and the following equations have been given to 
re|)rescnt tlic reactions : — 

N 2 II 4 + 1IN02=N20+NH3+3I1o0; 1 

Noll4+211N02-N20-|-N2+;31I20> 

Azoimide and nitrous acid yield nitrous oxide and nitrogen: 

N3lI + lIN02=N20-hN2+ll20. 

CoiK*(*ntrai(‘d sulphuric acid forms nitrosyl-sulphuric acid with nitrous 
acid (or the anliydride, N 2 O 3 ) : ^ 

.011 

IINO 2 1 1 L>S 04 ^S 02 < fllsO. 

X)NO 

Sulphurous acid shaken with nitrous acid yields hydroxylamiiic- 
disulpliouic acid : 

IIN()2 I 2II2S03=;f^ 

(Sec also p. 108.) 

Tlu'n* is no acliou between nitrites and normal sulphites, but with 
u<*id sulphite's various salts of hydroxylaminc-sulphonic acids are 
produced.^ 

1 Pnin('k(‘, 1905, 38,4102. 

^ Oliv(*ri and Mandala, (l<i7:zviUi, 1921, 51, i, UJH ; ii, 201. 

® Uivem and Hapt, TraiUH. (Jhem,. 1894, 65, 522. 

^ Son undtT Hydnaxylaiuiuc, j). 107. 
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Gonstitotion of Nitrous Acid. — Nitrous acid resembles nitric acid 
inasmuch as it shows two kinds of absorption spectra. There is prob- 
ably an equilibrium between two tautomeric forms : 


[NOalH and 


0 

OH 


Thus silver nitrite appears to exist in two forms, one an ionisable 
salt, [N 02 ]Ag, and the other a non-electrolyte, ^OAg ‘ 
account for the fact that the product of the reaction between AgNOg 
and CH3I is methyl nitrite, Nqqjj J, an ester the hydrolysis of which 

shows that the methyl group is attached to the oxygen atom; and 
also of nitro-methane, [N 02 ]CH 3 , a nitro-paraffin the reduction of 
which shows that the methyl group is attached to the nitrogen atom. 

The modern valency theory represents the tautomerism of nitrous 
acid and nitrites as due to the shift of the hydrogen atom from oxygen 
to nitrogen: NO'^+H'^HNO,; 

or, adopting the theory of the cubic arrangement of octets (see p. 13) : 

H 

: O : : N : O I'+H'^O ::N:0: or 0::N:0: 

H 


Detection and Estimation. — The liberation of iodine from potas- 
sium iodide, which gives a blue colour in the presence of starch, is a 
delicate but not characteristic test for nitrous acid or nitrites in acid 
solution. 

Metaphenylene diamine in hydrochloric acid produces a brown 
colour. A very sensitive reagent is an acetic-acid solution of sulphanilic 
acid and j8-naphthylamine (Griess-Iiosvay reagent), which gives a pink 
colour with nitrites, sensitive to I part per million of water. 

1. The estimation of nitrites and nitrous acid may be carried out by 
direct titration with standard potassiumi permanganate. The solution 
is run from a burette into a standard solution of permanganate until the 
colour is just discharged. 

A modiheation of this method ^ is to add a known excess of standard 
permanganate solution to the nitrite, acidify with sulphuric acid, 
liberate iodine by adding potassium iodide, and titrate with sodium 
thiosulphate, which gives the unused permanganate. 

2. The liberation of iodine from potassium iodide by nitrites may 
be used directly, and the iodine estimated with thiosulphate. The 
solution should be allowed to stand for two minutes before titration 
with the thiosulphate, otherwise high results are obtained. 

3. A nitrometer method ^ of estimation may be used where presence 
of organic acids rules out the permanganate method. The nitric oxide 
evolved is directly measured, but the reaction requires the presence of 
potassium ferrocyanide, and also of one organic acid such as acetic, 
tartaric, citric, or oxalic ; 


K,Fe(CN)e-fKN02+2CH3C00H 

=K3Fe(CN ) 6 + 2CH 3COOK +NO + HgO. 


^ Raschig, Bar,, 1905, 38, 3911. ^ Maderiia and Coiletti, Gazzettay 1907, 37, (i), 595 
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Two factors likely to cause errors in this method are the solubility of 
the nitric oxide in the aqueous solution, and the vapour pressure of the 
acetic acid. 

4. Among other methods which have been proposed is the de- 
composition of nitrites by hydrazine sulphate and measuring the volume 
of nitrogen, two-thirds of which is due to nitrite ; ^ also the reaction 
with hydroxylamine hydrochloride and titration with sodium hydroxide 
before and after the reaction.^ 

The reaction with azoimide, yielding nitrogen and nitrous oxide, is 
also quantitative in dilute solution, and is used in the estimation of 
nitrites.^ Nitrites may be determined gravimetrically by a reaction 
with an excess of silver bromate and acetic acid. The nitrous acid 
forms an equivalent amount of silver bromide by reduction.^ 

^ Dey and Sen, ZeitscJi. anorg. Chem., 1911, 171, 236. 

Sanin, J. Russ. Phys. Chem. Boc., 1909, 41, 791. 

^ Sommer and Pincas, Ren, 1915, 48, 1833, 1963. 

^ Busvoid, Chem. Zeit., 1914, 38, 5 ; 1915, 39, 215. 
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NITRIC ACID. 

History. Nilric acid was oiu* of Ihc earliest luiro^e.u coi\i|)oiiuds to be 
used, as it was known to tlu* Ktj^ypthins. Its prt'paratiou was (irst de- 
serilnai by (adnu' in a.d. 778, who oblaiiu'd it by distillin^^ a mixture of 
nitre*, bliu' vitriol, and alum. In the thirte^aith century Lullius pre- 
pannl it from nitn* and iron sulphate, while (dauber in lOtH showed 
its production from nitn* and oil of vitriol. Known under such mimes 
as aeiuad’ortis," '\spiritus nitri aeidus,’' and “spiritus nitri fumans 
(ilaul K'd,*" it was lur^a*ly used by tla‘ ah‘iunusts for the separation of 
siivi'r and lufold. Mayow in was llu‘ lirst to propound a theory as 
to its composition, as he* reeo^mised that the* sanu^ substance was present 
in nitre as in tlu* air whi<*h snpporU‘d eoml)ustion, nam(‘Iy, dephlo^dsti- 
eated air (oxy|i[(‘n). In !77(i Lavoisiea* ^ show(‘d that oxy^^tai was a 
de-tinite' const it ui'nl (»(' nitric acid, althou^di lu' was unable to show how 
it was <‘oiubim‘d with the <dh(‘r const it mads. (^av(‘ndish^ in I78t 
showeel Ibut nitric acid was pro<huH‘d by passin^r (teadrie^ sparks throuji^h 
a mixt un* cd’ nit ro^<*n and oxy^n*n, and about, t lit* sanu^ tinu‘ it was proved 
by Laxetisier and Pritsstley tlial it <‘onsisl(‘d only of nilro^jfeai, t>xy/^en, 
ami water. 

Occurrence, Fret* nilrie* acid is only fouml in nature^ in small 
atiuauds, eliielly in rain-water, where it luis bes'n produec'd l)y eleetrieal 
disehar|^a*s in the atmosphere. Ntidralisaiion of rain-wat(*r occurs by 
means of soil bases with tlu* formation of nitrate's, and this salt pro- 
duction is also tlu* result of free* nitrie-aeid fonnatiou by the oxidation 
(»f nit ro^n’tnars orpuut* mntt<*r.*^ 

Frepurution. I, Tlu* Inborutorv method lor [ux'parin^^ nitric ax*id 
is to distil dry potassiinn nitrate* with ati <‘(pud W(*i^ht of eemec'ul rated 
stdpimrie acid in a rt hnl, and to tsdhs't tlu* nitrie a(*id in a well-eooled 

tiask : 

KNO, i n.SOj KHSO^ 1 HN().J. 

Tlu‘ distillatieai is carried end at us low a t(*m[n*ra,lure as possible, and 
the* produtd is (d* a elistiiudiy yelhnv esdour <»win[( te> the* pn*st‘net‘ of 
nttrtfgfn pea*oxiele\ FurilieHtiem may be e*fh‘etcd by reslistillinj.,^ with an 
ee|ual vedunie ed* e'enu’cntrated sididiurie ne*iel, and Idowin^ a current of 
air tlirene^b this ellstillute, which has b(*en f(eidly warmeel. 

2, (‘eanbinntion <d‘ nitro^U'n and e>xy^n*n by pussin^^ tliroujjfh the 
eh etrie are*, niul absorbing the* oxides of nitrogem in water.^ 

B. Oxieiation ed’ ammonia by im'auis of a ('iitalyst.*' 

* bfU-Miiat-r, (Kilt r* -it in 

^ e *itvi'ad|ji}i, TmnH,^ 1 10; ,’172. 

'* i^'v |», 2.'l. 

* ,Si-r i»l Nitruni'fi Am 

Fis.iitt<ni t$( Nitronru Oxiitaliun ti! aiiuianuei. 
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Nitric acid is obtained by a number of other reactions which can 
scarcely be called methods of preparation : 

(a) Burning hydrogen in air. 

(&) Passing electric sparks through moist air. 

(c) Action of silent electric discharge on a mixture of nitrogen and 
oxygen in the presence of water. 

Manufacture of Nitric Acid from Sodium Nitrate. 

The decomposition of sodium nitrate (Chili saltpetre) still remains 
one of the most important processes for the manufacture of nitric acid. 
The complete reaction shown by the equation 

2NaN03+H2S04=:Na2S04+2liN03 

is not carried out in practice for a number of reasons. The high tem- 
perature necessary for the reaction (900° C.) involves high fuel con- 
sumption, excessive wear and tear of plant, and decomposition of nitric 
acid, which causes the product to be dilute, and to contain a high 
percentage of nitrous acid, according to the following reactions : — 

4HN03=2H20+4N02-|-02; 

2PIN03-H2O+N02+N0+02 ; 

H204-2N02=HN03+HN02, 

Further, it would not be possible to remove the residual sodium sulphate 
at all readily from the retort owing to its high melting-point (860° C.). 
In consequence, nearly double the quantity of sulphuric acid is used, 

NaNOa+HaSO^-NaliSO.+HNOg, 

as the reaction represented by the above equation proceeds at a re- 
latively low temperature (200° C.), and the residual sodium bisulphate 
(nitre cake) can be run off from the retort. 

The plant consists of a retort, condenser, receiver, and absorbing 
system for the oxides of nitrogen. 

Retort, — This is a large cast-iron cylindrical vessel. As a typical 
example the Waltham retort may be mentioned, which has a cubical 
capacity of about 350 cubic feet, is 8 feet 6 inches by 6 feet 9 inches, and 
takes a charge of two tons of sodium nitrate. The quantity and concen- 
tration of sulphuric acid depend upon the dryness of the nitrate, the pro- 
portions being approximately 85 of nitrate to 80 of acid. The retort 
is surrounded by brickwork 18 inches thick, and is fired by coal, coke, 
oil, or gas. Whatever fuel is used, the flues are so arranged that the 
hot gases circulate round the retort so as to produce even heating. 

Condensing System. — The vapours from the retort are conducted 
through a silicon iron or fused silica pipe to the condensers. The con- 
duit pipe is made of as simple form as possible in order to provide an 
easy flow. Various forms of condensers are in use at the present time, 
and some characteristics of these will be given. 

Guttmann Condenser . — This condenser consists of perpendicular pipes 
cooled in water, and was in extensive use at one time. Owing to high 
working costs and general inflexibility of the plant, however, this 
system is not used much in modern practice. 

Hart Condenser,— The outstanding feature of this system is the 
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einploynieivt of ^^lass tubes fitted between standards of pottery or 
silieou iron. The tubes, 0 feet loujCf and 1 J inches (En^lisli) or inches 
(Auui'iean) dianu^ttu', are slightly inclined to the horizoiitah and are 
c‘oolt*d by waltu' iriekling (vver the outside. Excellent condensation is 
(‘frt‘(‘l(al and the progrt‘ss of distillation can be watched ; furtlier, 
broken hil)i‘s can \)e rc'plaeed without intei'rupting the operation. On 
tlu* otlier liand, tlu‘ system is of an intricate nature, and its maintenance 
is (‘xpensive owing to tlu‘ large miml)er of joints. 

VaicNtlNer ( This systtnn differs from all others inasmuch 

as it. works under r(‘du(‘t‘d pre^ssure. The chief condensation takes 
pia<H‘ in coils iotally imnun'sc'd in watcT, but some condensation also 
o(H‘urs in air-cooled Woulffs bottles, whi(ih a(‘t as n^cHavers. All joints 
hav(‘ to bt‘ (*art‘fully wat<*h<‘d owing to the redmaal pressure oi‘ the 
distillation, (‘onsec|U('ntly high labour costs are involvtal. 

Ilou^h Condetusvr, ('ondtaisation of tlu^ hot vaj>ours is effected by 
passing through a s(‘ri(‘s of doubl(‘ U-tidx's contaiiuxl in a rectangular 
box and (*ool<‘d by water. Acid-rc^sisting iron is used, and this (‘ondcarserr 
is both compact and (‘fFa'icnt. 

S-pipe Cotiilviisvr, iVlodtu'n pra<‘tic<‘ favours a- rehit.ivcdy sim|)le ty[)e 
of air-coohal t»ond<-ns(*r in t in* form of a s(‘ri(‘s of S-btauls. Fused siii(‘a 
ware* or silic'on iron is ustai, and <nie advantage^ seems that such a type 
r<H|uires but litth* at bad ion. 

Receivern. "I'ht'Si* V(‘ss(‘ls art' mad(‘ of various ma.t(‘rials depend- 
ing on tlu* stnaigth of a(‘id to Ik* collcet.cal a, ml otlua* (conditions l)ut 
cart luai wan* se(*ms to lx* the only ically safe imderial. Funu*»tight lids 
to Ih’ fitted, and of e{Hirs(‘ provision has to lx* ma.d(^ for <u>uv(‘ying 
funu‘s inl(» t lu* al>sorption syst.<‘m. 

Absorbera. An (dfieieid. absorbing system is imp(‘ratively najuinul, 
as off(*n as much as Id p(‘r (a*id. of tlu* (wigina! nitrogc'U cont:(‘nt of the 
sodium niiratt* passc*s through tlu* eond(‘ns(*rs as nitrogc'u ptToxidc^, 
NOcj. Nitric* (jxide, NO, nitrosyl ehloridt*, chl<n*ine, nitric acid 

vaptair and water-vapour art* also |)res(‘nt. Absorption of nitrogen 
peroxide in water proet*eds n<‘eording to Hut (*c|uation 

(I) aXOg I II/). -2nN().j I NO. 

This nitri(* oxide, together with that prodmed during the* distillation, 
has to be* oxidised t<^ tlu* peroxid(* again : 

(2) 2NO 1 0,..'....2N0,; 

whi(‘h means that an ad(*t|uatc* air supply must he iid.rodu(*(‘d into tlu*. 
abstjrbing systetns. Two further funids of gr(*at import ama* an* the 
ndanliiig of the ahs<n’pti<ai of nitrog(‘n pi*roxidt‘ hy tlu* pres(‘n(*e of 
nitric oxide (e<|uation (I) is reversible), and also tlu* fn^et that iraetion 
(2) requires appre(*iahh* time for compl(‘tion. 

Hie funu^ main from tlu* eondens(*rs and reec‘ivers <*nb*rs at the 
bottom of one of a seri(*s at towers, and tlu* nitrous gasc's an* jmm|)(‘d 
t«> the top, nireUng a stn*am of water. Tlu* tower is tilh‘d with (|uarl// 
pai-ktng, as to |irovid<* as large a. surfacH* as ixissible for ahsor|)lion hy 
tilt* waltT. The dilute nitric acid thus prodmunl is pumped to the top 
of the m*xt tower, wlith* the ga,st*s an* led in ah t.lie bottom, and the 
absorption ami oxidation an* n*p(*at(‘d. Tlu* st.rcmgt'st a(*id of)l.aiiuibI(* 
is lUi per e«ai!.» and when this eoment ration is n*ae}u‘d, the a<‘id is drawn 
off and the iibsorpluai eyele etmlinued with fresh water. 
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Concentration “The stren^^th of th(‘ uitrie acid c<>}lc<*f(‘d ia 
receivers depends upon the dryn(‘ss of tlu‘ scHlimn nitratt^ and t!u‘ 
concentration of the sulphuric acid. It is possihh^ lo obtain nitri(‘ 
acid of an avera<>fe stren^dh of 90 pvr by usin,^ dry nit rat ainl 

sulphuric acid of 90 to 94 per cent.. coiuHaitration. Thi* total yichl of 
nitric acid is smaller, however, as tlie nitre cakt* ri‘taius sonu‘ of tlu‘ 
nitrogen compounds, and the resulting acid has a. high nitnais acid 
content. A greater amount of nitric* acid of a,v<*ragi‘ strcngtli of 80 
per cent, is obtained by using wet nitrat(* (2 to 2-5 pea* ctait. wattT 
content) and Glover sulphuric acid (78 per (Had. HaSO.j (*ontc‘nt). 
Nitric acid of 99*0 per c*ent. (‘ouccnl ration is obtuiiUHl Ijy distilling 
weaker aend with con(‘entrat<‘d sulphuric acid. Tin* ndort, such as is 
used in the manufacture, can be used as a still, and condi*nsing and 
absorbing systems similar to those (h‘St‘ribtHl abov(‘ are used in con- 
junction with the distillation, whUdi is carried old at about 185 ' i\ 
Acids ranging in conc(‘ntrations from 100 pm* cmd. downwards may la* 
obtained by running off from tlu* rctHavm's at various stag(‘s. 

A process of “ bltaiching '' is gcm*rally (*mploycd nunovt* nitrous 
acid in the form of oxides of nitrogisi from tlu* (Hunmcrcial acid. 
Generally this is brought about by !)lowing a stream of hot air through 
the acid, although in some plants tin* bleaching proi’css is ineorpiU’uted 
with the condensing opcTation, so that the* distillate (»neount(*rs tin* hot 
retort gases on the counter-eurnad priiunpU*, with tlu* result tlnit not 
more tlum 1 p(T cent, of nitrous a(*id rmnains. 

(Commercial nitric acid contains as impuriti(*.s hydrochloric acid, 
sulphuric acid, iodine, iron salts, and nitrogtm pt*roxi(h‘. The hydro- 
chloric acid is derived from the (‘hl(»rid(‘s prescad in the nitrate (9*5 
per cent.), and a certain amount is oxidistnl to ehlorint* by tlu* nitric 
acid, as well as to nitrosyl chloride, N(H*1. Tnu’cs of sulphuric a<‘id an* 
carried over from the ndort, and the iodute in the nitrah* is n*sponsihle 
for the small amounts of iodiiu*. Tht* iron salts, of c'oursi*, are dtTived 
from the aj)i)aratus. 

Physical Properties of Nitric Acid, Vme nitric u«*id only 
at - 41^^ C. in the form of snow-white <*rystnls, which thHH>mpos(* slightly 
on liepudying, into nitrogtm penioxidt*, and water. Passing a 

eurnmt of dry air througli this litpnd remov(‘s tlu* N/h, and leaves a 
colourless licpiid with a 98*97 p(‘r cent, content of uitrie a«*id.^ 

Distillation of concentrated nitric a(*id with (Hait*entrated sulphurit* 
aciid in an atmosphere of earlHin dioxide giv(*H a produc*t (‘ordaining 
98 to 99 per cent. HNOa, Nitric acid containing 911*8 per etad. IIND^ 
is slightly yellow, with a pungent smell, and fumi*s strongly in air/^ 

A study of the freeying-poini curves (set* tig. 20) shows fwo maxima, 
and Pickering ^ isolated two crystalline hydrati's (H^rrespoiiding to 

at 18‘* (h, and HNOj|.H*/) at i\ KiKter and 

Knunann^ give* these two maxima as !K*5" i\ and #18 ' i\ 

Roseoe^' gave* tlie l>oiling-point of tlu* purest lii|uid nitric acid under 
atniospheric pressure as HC' ('., but slight deemnpoHilion begins brhnv 
this tmnpeniture. 

* K(lKt4‘r and Miimdi, Zvitsth. CVirw., UMiri, 43, IiriU H/ia. 

“ Anton and liarnHiiy, Trma, IHIM, 65, Ilia. 

Fic*k(*ring, {lnd„ 1803, 63, l.'ltt Also p. Hill. 

^ Kn'fiuimi, 'Znlavk. mmrg. Ohtm.t IIKII, 41, TZ. 

^ Rohcuhs, Tram. (Tmn. Sac,, iBtll, 13, I4(k 
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Creighton and Githens ^ have determined the boiling-points of nitric 
acid of 99-79 per cent, purity under different pressures, which are given 
in the following table : — 


Pressure, mm. Hg. 

Boiling-point, ° C. 

Pressure, mm. Hg. 

Boiling-point, ° C. 

47 

22-1 

290 

57-1 

51 

24-5 

346 

62*1 

60 

26-2 

360 

63*4 

90 

31-7 

425 

68-5 

110 

35-6 

500 

72*7 

125 

38-5 

580 

77-2 

203 

49-0 

675 

82-5 

250 

53-5 




An aqueous solution of constant boiling-point (120-5° C.) is obtained 
when any solution of nitric acid is distilled. A concentrated solution 
will give a distillate of decreasing nitric acid content until, under 
atmospheric pressure, the residue has a concentration of 68 per cent. 
Similarly, a dilute solution will eventually reach the same concentration, 
when it will boil unchanged. The density of this constant boiling solu- 
tion is 1*414 at 15*5° C., and Roscoe found that the composition varied 
with pressure, which indicates that this constant boiling solution is not 
a definite hydrate of nitric acid.^ 

The vapour pressures of solutions of nitric acid of different con- 
centrations and at different temperatures have been determined by 
Creighton and Githens ^ and Saposchnikoff.® Reference- has already 
been made to the necessity of keeping the temperature as low as possible 
during the preparation of nitric acid from sodium nitrate and sulphuric 
acid. The thermal decomposition of nitric acid is shown in the following 
table : — ^ 


Temperature, ° C. 

Percentage 

Decomposition. 

Temperature, ° C. 

Percentage 

Decomposition. 

86 

9*53 

190 

49*34 

100 

11*77 

220 

72*07 

130 

18*79 

250 

93*03 

160 

28-96 

256 

100*00 


The following table ^ shows the variation of density with concentra- 
tion of aqueous solutions of nitric acid : — 


^ Creighton and Githens, J. Franklin Inst., 1915, 179 , 161. 
^ Roscoe, Trans. Ghem. Soc.j 1861, 13 , 146. 

® Saposchnikoff, Zeitsch. physikal. Ghem., 1905, 53» 225. 

4 Carius, Ber., 1871, 4 , 828. 

^ Lunge and Rey, Zeitsch. angew. Ghem., 1891, 4 , 165. 
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DENSITIES AND PERCENTAGES OF NITRIC ACID. 


Density. 

Percentage 

HNO3. 

Density. 

Percentage 

HNO3. 

Density. 

Percentage 

HNO3. 

1-000 

0-10 

1.100 

17-11 

1-300 

47-49 

1-005 

1-00 

1-120 

20-23 

1-350 

55-79 

1-010 

1-90 

1-140 

23-31 

1-400 

65-30 

1-020 

3-70 

1-160 

26-36 

1-450 

77-28 

1-030 

5-50 

1-180 

29-38 

1-475 

84-45 

1-040 

7-26 

1-200 

32-36 

1-500 

94-09 

1-060 

10-68 

1-250 

39-82 

1-520 

99-67 

1-080 

13-95 


i 




The effect of dissolving nitrogen peroxide in nitric acid is to raise 
the density, and the table below ^ gives the increase in density of nitric 
acid, D^5= 1*4960. 


INFLUENCE OF NITROGEN PEROXIDE ON 
NITRIC ACID. 

(D =1-4960.) 


Percentage 

HNO 3 , Increase in 
Density. 

Percentage 

HNO3, Increase in 
lionsity. 

0-5 

0-00075 

6-0 


1-0 

0-00300 

7-0 

0-04650 

2-0 

0-01050 

8-0 

0-05325 

3-0 

0-01800 

10-0 

0-06600 

4-0 

0-02525 

12-0 

0-07850 

5-0 

0-03225 




The average increase in density per cent, from 1 to 5 per cent, of 
nitrogen peroxide is 0-00585, and from 5 to 12 per cent, is 0*()06G0. 

The average increase in density from 1 to 5 per cent, of nitrogen 
peroxide on nitric acid D^^=l-5126^ and D^J=1-5130^ is 0-0035 per 
1 per cent, nitrogen peroxide, and from 5 to 20 per cent, of nitrogen 
peroxide is 0-0040 per 1 per cent, nitrogen peroxide. 

Pascal and Gamier^ found that the maximum weight of nitrogen 
peroxide dissolved was 42-5 per cent., which corresponds to a hydrate 
of the formula NgOg.NgO^.HaO, which was stable belo's^ —48-5° C. 

Contraction in volume occurs when nitric acid and water are mixed, 

^ Lunge and Marchlewski, Zeitsch. aifvgew, Ghem., 1892, 5, 10, 330, 

2 Pascal and Garnier, Bull. Soc. chim., 1919, 25, 309. 

^ Bonsfield, Trans. Ghem. Soc., 1919, 115, 48. 
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and the maximum contraction occurs corresponding to the ratio 
2IIN03:3H20.i 

The following table ^ gives the contractions for various concentra- 
tions of nitric acid : — 


Percentage 

HNO3. 

Tempera- 
ture, ° C. 

Contraction. 

Percentage 

HNO3. 

Tempera- 
ture, ° C. 

Contraction. 

19*37 

14*2 

0*03685 

65*80 

14*2 

0-06104 

25-50 

>5 

0*04650 

78*22 


0*04528 

80-17 

24*2 

0*05171 

87*90 

5? 

0*02500 

33-87 

}> 

0*05571 

92*34 


0*01626 

42-40 

14*2 

0*06690 

95*62 


0*00672 

52-80 

5 > 

0*07040 

99*97 

jj 

0*00008 

60-60 

>> 

0*06592 

1 




The heats of formation have been determined by Berthelot : ^ 

H+N+Og^HNOg (gas) +34,000 calories. 
—HNOg (liquid) +41,600 ,, 

=HN 03 (solid) +42,200 ,, 

==HNO 3 (solution) +48,800 ,, 


The values obtained by Thomsen ^ are : 

IT+N+Og—HNOg (liquid) +41,610 calories. 

=HN 03 (solution) + 49,090 „ 

NO+Og+H^HNOg +63,185 

NO^+O+H^HNOg +49,735 

|[N20,+02+H2] =HN03 +42,935 „ 


The molecular heat of fusion =601 calories.^ 
The molecular heat of evaporation =7250 ,, 


The following table gives the values of the heat of solution in Cals, 
as determined by Thomsen ^ and Berthelot,'^ when 1 gram molecule of 
nitric acid is dissolved in n gram molecules of water : — 


No. of molecules 


of HgO . 

0*5 

1 

1*5 

2 

2*5 

3 

4 

5 

6 

Thomsen, 18° C. 

2*00 

3*29 

4*16 


5*27 

5*71 

. . 

6*66 


Berthelot, 10° C. 

2*03 

3*34 

4*16 

4-86 


5*76 

6*39 

6*76 

6*98 

No. of molecules 

of H^O . 

8 

10 

20 

40 

80 

100 

160 

200 

820 

Thomsen, 18° C. 


7*32 

7*46 

7*44 

7-42 

7*44 

7*45 


7-49 

Berthelot, 10° C. 

7*22 

7*27 

7*36 

7*27 


7*21 


7*18 



^ Kolb, Ann. Chim. Phys., (iv), lo, 136. 

2 Veley and Manlev, Proc. Boy. Soc., 1902, 69 , 86-119 ; Trans. Chem. Soc., 1903, 83 , 
1015-1021. 

^ Berthelot, Coni'pt. rend., 1880, 90 , 779. 

Thomsen, Ber., 1879, 12 , 2062. 

^ Berthelot, Ann. CMm. Phys,, 1877, (v), 12 , 530. 

® Thomsen, Therniochemische Untersucfiungen, Leipzig, 1883, Band 3. 

’ Berthelot, Ann. Chirn. Phys., 1885, 5 , 4, 468. 

VOL. VI. : I. 
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It will be seen that the maximum heat of dilution occurs when the 
ratio of nitric acid to water is 1 : 20, so that further dilution will not 
cause temperature change. 

The heat of neutralisation of nitric acid with potassium hydroxide 
is 13-7T0 Cals., and with sodium hydroxide 13*680 Cals.^ 

The refractive indices of nitric acid of different concentrations have 
been studied by Veley and Manley,^ and the following table shows the 
values of n for sodium light at 14*2® C. : — 


Percentage HNO 3 . 

no. 

Percentage HNO 3 . 

'm. 

2*19 

1*336208 

70*04 

1*406094 

6*76 

1*342298 

78*07 

1*405091 

18*27 

1*358541 

87*20 i 

1*402412 

32*60 

1*377798 

95*60 

1*398148 

41*45 

1*388788 

98*67 

1*396980 

50*00 

1*398435 

99*87 

1*397167 


The values for the refractive index increase up to about 70 per cent, 
concentration, and then decrease gradually to 98*67 per cent., and then 
again increase slightly. The value of n for the anhydrous acid is prac- 
tically the same as that for the 50 pet cent. acid. 

The viscosities, of nitric-acid solutions as determined by Kiister 
and Kremann^ at 15° C. and —15° C. show that the values reach a 
maximum in each case where the concentration is 65 per cent. The 
viscosity of water at 0 ° C. is taken as unity. 

Percentage HNO 3 98*5 82*0 70*0 65*0 50*0 30*0 10*0 

77 at +15° C. . 0*548 1*036 1*277 1*300 1*144 0*822 0*655 

7 ] at -15° C. . 0*833 2*240 3*268 3*304 2*369 1*635 

The magnetic rotatory power of nitric acid is given in the following 
table, ^ and a gradual decrease in the value of the molecular rotation 
occurs, corresponding with increase in dilution : — 


Molecular Composition. 

Percentage 

HNO 3 . 

Specific 
Rotation at 
16° C. 

Molecular 
Rotation. . 

Molecular Rota- 
tion less that 
due to HgO. 

HNO3+ O-OlQHaO 

99*45 

0*5292 

1*226 

1*207 

+ 2 - 70 lHjO 

56*44 

0*8042 

3*678 

0*977 

+ T-SllHaO 

32*36 

0*9066 

8*163 

0*852 


26*81 

0*9238 

10*360 

0*805 

+I203OH2O 

22*54 

0*9350 

12*783 

0*753 


^ Thomsen, Thermochemische Untersuchungen, 1906, p. 40. 

“ Veley and Manley, Proc. Boy. Soc., 1902, 69 , 114. 

^ Kiister and Kremann, Zeitsch. anorg. Chem.y 1904, 41 , 13. 
^ W. H. Perkin, senior, Trans. Chem, Soc., 1893, 63 , 65. 
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The following values of molar conductivity A, in which the dilutions V 
are in litres per molecule, were determined at 18° C. : — ^ 


V= 01 

0-2 

0-5 

1-0 

2-0 

5-0 

10-0 

A=65-4 

156 

258 

310 

324 

340 

350 

V= 20 

50 

100 

200 

500 

1000 


A =357 

364 

368 

371 

374 

375 



The temperature coefficient of conductivity, — . — 1^=0-0162,^ 

a?i8 8 

varies with the dilution.^ 

The mean coefficient per 1 ° between 18° and 52° C. is : 

0-0157 0-0154 0-0152 0-0147 0-0143 

AtV= oo 1000 100 10 2 ^ 

The values of the molar conductivities A have been obtained up to 
100 ° 


e (1 

C=C-1. 
mols. /litre. 

0-05. 

mols. /litre. 

0-01. 

mols. /litre. 

C-002. 
mols. /litre. 

0-000 

mols. /litre. 

18 

A=346-4 

353-7 

365-0 

371-2 

377 

25 

A=385-0 

393-3 

406-0 

413-7 

421 

100 

A=728-0 • 

760-0 

786-0 

806-0 

826 


The conductivities of acids from 20 to 89*4 per cent, have also been 
determined® at —16° C. 

Freezing-points and Compositions of the System HNO3-H2O : ® 

Mols. per cent. 

HNOg . 00 4-5 9-5 12-2 15*8 19-8 25-0 33-3 37-7 

Temp., °C. . 0 0 -10-3 -27*1 -43 0* -30-6 -22-9 -18-5* -26-6 -35-4 

Mola. per cent. 

HNO3 . 40*6 44-4 48-9 50-3 61-3 67-1 73-2 80-0 100-0 

Temp., °C. . -42-0* --39-4 -37-9* -38-2* -44-4 -55-3 -64-5 -55-3 -41-2* 

The values marked are fixed temperatures or halt-points of crystal- 
lisation, i.e. either eutectics or melting-points of compounds. As in 
the case of other strong mineral acids, the freezing-point composition 
curve (fig. 21 ) shows the existence of a series of hydrates and eutectics. 
The hydrates® are HNOg.SHgO (melting-point —18-5° C.) and 
HNOg.HgO (melting-point —38° C.). The freezing-point curve also 
shows three eutectics as minima between the four separate components, 
these eutectics corresponding to the cryohydrates ice-t-HNOg.SHgO 
(melting-point —43° C.), HNO 3 . 3 H 2 O+HNO 3 .H 2 O (melting-point 
—42° C.), and HNO 3 .H 2 O+HNO 3 (melting-point — 66 ° C.). 

^ Koh-lxausch and Grotian, Wied. Annalen, 1885, 26, 161. 

“ Deguisne, Dissertation, 8trassburg, 1895. 

^ Arrhenius, Zeitsch. physikal. Chem., 1889, 4, 96. 

^ Noyes, Melcher, and Cooper, Zeitsch. physikal. Chem., 1910, Jo, 356. 

^ Kiister and Kremann, Zeitsch. anorg. Chem., 1904, 41, 1. 

® See also Pickering, Trans. Chem. Soc., 1893, 63, 436. 
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Freezing-points and Dissociation in Dilute Solutions. — Nitric 
acid ranks with hydrochloric acid as being one of the strongest acids. 
This is due to the high concentration of hydrogen ions in dilute solution 
resulting from the far-reaching dissociation of nitric acid in water. 
The degree of dissociation calculated from the deioression of the freezing- 
point of water is shown in the following table : — ^ 

HNOo in mols. per litre . 0*001054 0*003158 0*007378 0*01153 0*05103 0*1059 

Depressionof F:P. (Ai5) . 0*0040 0*0119 0*0276 0*0430 0*1890 0*3735 

van ’t Hoff factor (i) . - 2*008 1*994 1*979 1*973 1*958 1*866 

Degree of dissociation (a) . 100*8 99*4 97*9 97*3 95*8 86*6 

The depression of the freezing-points of more concentrated solutions 
of nitric acid are given below : ^ 

HNOq in mols. per litre . 0*25 0*5 1*0 1*5 2*0 2*5 3*0 

Depression of F.P. {ht) . 0*875 1*810 3*796 5*938 8*347 11*046 13*909 

THE SPECIFIC HEATS OF NITRIC ACID OF 
VARIOUS CONCENTRATIONS.^ 


Percentage HNOs- 

Mean 

Specific 

Heat. 

Tempera- 
ture of 
Determina- 
tion. 

Authority. 

1-72 (200 mols. H 2 O) 

0*982 

1 

( 

Thomsen, Thermochemisches 

S-40 poo „ ) 

15-00 (20 „ ) 

0*963 

0*849 


GO 

0 

P 

Untersuchunge7i, 1906, p. 
40. 

26-00 pO „ ) 

0*768 

J 

1 


10-00 

0*900 




25-57 

0*787 




40-00 

0*669 



Pascal and Gamier, Bull. Soc. 

60*52 

81*80 

0*637 

0*575 


. 20^^ C.- 

chhn., 1920, (iv), 27, 8. 

92*15 

0*500 




98*15 

0*475 





Chemical Properties of Nitric Acid. — The outstanding property 
of nitric acid is its oxidising nature. Its corrosive action on the skin 
produces painful wounds, and even dilute nitric acid causes an intense 
yellow coloration due to the formation of xantho-proteic acids. Hair, 
wool, silk, and many other organic substances are coloured similarly. 
The decomposition of nitric acid by heat is readily shown by supporting a 
churchwarden clay pipe so that the stem is inclined downwards with the 
end under a beehive shelf in a trough of water. An inch or two of the 
stem is raised to a red heat by a burner, and a few cubic centimetres 
of nitric acid poured into the bowl. Decomposition occurs according 
to the equation 

4HN03=4N02+02+2H20. 


^ Jones, Zeitsch. physikal. Chem., 1893, 12, 630. 

^ Jones and Getman, A7ner. CJmn, J., 1902, 27, 433. 
® See also Marignac, Annalen^ 1872, 8, 335. 
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Tig. 21. — Freezing-point curve of aqueous nitric acid. 


The oxygen can be collected in a gas cylinder over water, while the 
nitrogen peroxide dissolves with the formation of nitric and nitrous 
acids. 

A large number of products result from the reduction of nitric acid, 
and the following can be identified under different conditions : nitrous 
acid HNOg, nitrogen peroxide NOg, nitric oxide NO, nitrous oxide NgO, 
nitrogen Ng, ammonia NH3, and hydroxylamine NTIgOH. 

Action of Nitric Acid on N on-Metals , — Most non-metals are quickly 
oxidised in many cases to their highest state of oxidation, and often this 
occurs violently. Thus phosphorus is converted first into phosphorous 
and then into phosphoric acid : 

6P-i-10HNO3+4H2O=6H3PO4+10NO. 

Sulphur is oxidised to sulphuric acid : 

S + 2 IIN 03 =Il 2 S 04 + 2 N 0 . 

Iodine is oxidised to iodic acid : 

3l2 + l()IIN 03 =6lIIO3+10NO-f2li2. 

Boron is converted into boric acid and selenium into selcnious acid. 

Action of Nitric Acids on Compounds . — Sulphuretted hydrogen is 
oxidised to sulphur, sulphur dioxide to sulphuric acid, with production 
of nitric oxide. In the presence of concentrated sulphuric acid, nitrosyl- 
sulphuric acid is ])roduced.^ 

Hydrogen bromide yields bromine and nitrogen peroxide, while 
hydrogen iodide gives iodine and nitric oxide. Hydrogen chloride 
produces a solution which contains nitrosyl chloride and chlorine 
(aqua-rcgia=4 vols. cone. HCl-fl vol. cone. HNO3) : 

1IN03+3IIC1=N0C1+Cl2+2II20. 


Weber, Pogg. Annaleyi, 1861, 341. 
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Ferrous salts are oxidised to ferric with production of nitric oxide ; 
stannous salts give stannic salts, hydroxylamine, and ammonia. 
Arsenious chloride and arsenious oxide give apenic acid, and similarly 
antimony chloride is oxidised to antimonic acid. 

Action of Nitric Acid on Metals. — Nitric acid has no action on 
gold, platinum, iridium, tantalum, rhodium, and titanium.^ All other 
metals are attacked by the acid, often with the formation of nitrates, 
and reduction products of the nitric acid, which vary with the tempera- 
ture and concentration of the acid. 

Pelouze and Fremy^ described the reactions of copper and silver 
with nitric acid, and showed that tin differed from these in the produc- 
tion of ammonia. 

The mechanism of the reaction between nitric acid and various 
metals has been the subject of considerable controversy for many 
years. Armstrong and Ackworth ^ put forward the theory that nascent 
hydrogen was the initial substance which brought about reduction of 
nitric acid : 

M+HN 03 =:MN 03 -fH. 

This nascent hydrogen did not escape from the solution owing to the 
powerful oxidising nature of nitric acid, but produced as secondary 
products nitrous acid, hyponitrous acid, hydroxylamine, and ammonia. 
Tertiary reactions occurred from the decomposition of these secondary 
products, with the formation of nitric oxide, nitrogen trioxide, and 
nitrous oxide ; while double decomposition between the secondary 
products resulted in the formation of nitrogen and nitrous oxide. 

Thus the action of dilute nitric acid on copper, silver, mercury, and 
bismuth was similar, as shown by the equations 

3Cii -[- 6HNO 3 =3Cu (NO 3 ) 2 + 6H, 

3HN 0 3 + 6H =3ITN 0 g + 3II gO, 

3HN02=HN03+2N0+Il20, 

which gives, on summing up, 

3Cu+8HN03=3Cu(N03)2+2N0+4H20. 

Divers ^ considered that metals may be divided into two classes with 
reference to their action on nitric acid. In the first class are placed the 
four metals copper, silver, mercury, and bismuth, and the primary 
products are nitrite, nitrate, and water ; 

(1) 2Ag-l-H0.N02=Ag0IT+AgN02; 

(2) Ag 0 H+HN 03 =AgN 03 +H 20 . 

Further action of the nitric acid on the nitrite produces nitrous acid 
and nitrate : 

(3) AgN02+HN03=AgN03-|-HN02; 

while the nitrous acid reacts to produce nitrogen peroxide or nitric 
oxide according as the nitric acid is concentrated or dilute, as shown 
in the following equations : — 

1 Gmelin, Handbook of Chemistry (English translation), 1849, Vol. ii., p. 363. 

2 Pelouze and Fremy, Traiie de Chimic, 1860, i, 351. 

^ Armstrong and Ackworth, Trans. Ghem. Soc.y 1877, 15 , 54 . 

^ Divers, ibid., 1883, 43 , 443 ; 1885, 47 , 231. 
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(4) HN02+HN03=:2N02+H20; 

(5) SHNOg =HN03+2N0+H20, 

Divers assumed that a very small quantity of nitrous acid is necessary 
to initiate the reaction and functions in a catalytic manner. There is 
no formation of ammonia or hydroxylamine at any stage of the reaction. 

The second class of metals includes zinc, magnesium, aluminium, 
cadmium, tin, lead, iron, and the alkali metals, and no nitrous acid is 
required to start their reaction with nitric acid. According to Divers, 
nitrous acid is not produced in appreciable amounts, because further 
reduction occurs which is due to the action of nascent hydrogen : 

HN03+2H=HN02+H20 ; 

Nitrous 

acid. 

2HN03+8H=H2N202+4H20 ; 

Hyponitrous 

acid. 

HN03+6H=NH20H+2H20 ; . 

Hydroxyl- 

amine. 

HN03+8H=NH3+3H20. 

Ammonia. 

The production of hydroxylamine and ammonia occurs chiefly with 
tin and zinc, although under suitable conditions other metals may give 
traces. The nature and quantity of both primary and secondary 
products depend upon the concentration of the acid. Secondary 
products result from the following reactions : — 

3HN02=HN03+2N0+H20 ; 
H2N202=N20+H20 ; 
HN02+NH20H=N20+2H20 ; 
HN02+NH3=N2+2H20. 

Thus the reduction products of nitric acid produced by zinc under 
various conditions may be shown in the following reactions : — 

3Zn+ 7HN03=3Zn(N03)2+NH20H+2H20 ; 

4Zn+ 9HN03=4Zn(N03)2+NH3+3H20 ; 

4Zn+10HNO3=4Zn(NO3)2+N2O+5H2O ; 

5Zn+12HN03=5Zn(N03)2+N2+6H20. 

Veley ^ suggests that nitrous acid is necessary to initiate the reaction 
between all metals and nitric acid, and his experiments go to prove that 
really pure nitric acid has no action on pure metals. There is consider- 
able difficulty in obtaining complete purity of the reacting substances, 
and traces of nitrous acid are produced probably by electrolytic action 
set up by the most minute quantities of impurities in the metals. The 
very slight action of pure nitric acid of 30 per cent, concentration on 
pure metals was almost entirely prevented if the metals were agitated 
in the solution, because it was not possible for nitrous acid to con- 
centrate round the metal. No action occurred at all if the formation 
of nitrous acid was inhibited by adding such substances as urea, hydrogen 

1 Veley, Proc. Roij. Soc., 1890, 46, 216 ; 1893, 52, 27 ; Phil. Trans., 1891, 182A, 279; 
J, Soc. Chem. Ind., 1891, 10, 204. 
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peroxide, potassium chlorate, etc. While Veley agrees that the metals 
copper, silver, mercury, and bismuth differ in their action from the 
rest of the metals, yet he maintains that in all cases nitrous acid is 
necessary to start the reaction, and that nitrous acid is the primary 
product in all cases. Thus, in the case of copper the reaction can be 
rej)resented by the equations 

Cu+4HN02=Cu(N02)2+2N0-1-2HA 

Cu(N02)2+2HN03=Cu(N03)2+2HN02. 

The decomposition or formation of nitrous acid is shown by the reversible 
reaction 

3HN02^HN03+2N0+H20. 

In the case of both classes of metals Veley found that rapid solution 
occurred in nitrous acid, less rapid in a mixture of nitrous and nitric 
acids, and much slower action still in the case of pure nitric acid solution. 

Higley ^ has investigated the action of nitric acid on iron, and also 
the electrolytic reduction of nitric acid. The products of the reaction 
in each case are closely comparable. Thus, in the electrolytic reduction 
of nitric acid, ammonia and nitric oxide are the chief products of dilute 
acids, while hydrogen is also produced. Increasing concentration of the 
acid yields correspondingly larger amounts of nitrogen peroxide. 

In the case of the reduction by iron, the products are ammonia, nitric 
oxide, and nitrogen peroxide, and while there is no free hydrogen, yet 
there are considerable amounts of nitrogen and nitrous oxide. Very 
weak acid yields large quantities of ammonia, but nitrogen peroxide is 
practically the only product with concentrated acid. 

The only metal which produces free hydrogen is magnesium, and 
the nitric acid must be very dilute. As magnesium is next to the alkali 
metals with regard to its high solution tension, Webb ^ suggests that 
hydrogen is liberated first by all metals with a higher solution tension 
than hydrogen, while those with a lower solution tension (coj)per, 
mercury, silver) are polarised in a solution of nitric acid. The function 
of nitrous acid in starting the reaction between these metals and nitric 
acid is that of a depolariser. 

Very few metals can be used as containers, etc., for nitric acid, l}ut 
aluminium seems to have possibilities in this respect, and the action of 
nitric acid on this metal has received much attention.^ Temperature 
and concentration are the chief factors, and it would seem that alu- 
minium can be used at low temperatures fqr either very weak or very 
concentrated acids. Extensive use is made of aluminium air-elevator 
pipes at Notodden in Norway in connection with the absorption system 
for nitric acid produced by the arc process. 

Generally speaking, the action of nitric acid upon alloys is of a very 
varied and complex nature.^ One of the commonest substances used 
for handling and storing nitric acid is iron containing varying amounts of 
silicon (12 to 20 per cent,). Narki, ironac, and tantiron are examples of 

1 Higley, Amer, Chem. J., 1893, 15, 71 ; 1895, 17, 18 ; 1896, 18, 587 ; 1899, 21, 377. 

- Webb, Absorption of Nitrous Gases (Arnold, 1923), p. 68. 

Trillat, J. 80c. Chem. Ind., 1915, 34, 874; Seligman and Williams, ibid., 1916, 35, 

665. 

Montemartini, Gazzeita, 1892, 22, 250, 277, 397, 426; Atti R. Accad. Lincei, 1892, 
[5], I, I, 63 ; 1908, 27, 366; 1909, 28, 272 ; 1913, 32, 311, 1135; Stansbie, J. Soc. Chem. 
Ind., 1906, 25, 45, 1071. 
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silicon-iron alloys which are used alternatively to stoneware for towers, 
pumps, fans, etc., various absorption systems. 

Detection and Estimation. — Free nitric acid is detected by the 
ready production^ of brown fumes when warmed with metallic copper. 
Nitrates behave similarly when treated with concentrated sulphuric acid 
and copper. 

The brown-ring test consists in adding a solution of ferrous sulphate 
to the solution of nitric acid or nitrate, and carefully pouring concen- 
trated sulphuric acid down the side of the test-tube. The strong acid 
collects at the bottom of the tube, and at the junction of the two liquids 
a brown ring is formed containing the compound FeSO4.NO. 

Brucine, in the presence of concentrated sulphuric acid, develops a 
red colour. 

“ Nitron ” gives a white precipitate with nitric acid or nitrates ; 
the test is sensitive to 1 part per 60,000. 

Estimation. — There are a large number of methods in use for 
estimating nitric acid and nitrates. The more important of these 
methods may be classified as follows : — 

1. Titration Methods. 

2. Gasometric Methods. 

3. Gravimetric Method. 

1. Titration Methods. — {a) The simplest method of estimatibn of 
free nitric acid is by titrating with standard alkali. Any indicator may 
be used in the absence of nitrous acid, but if this is present, then methyl 
red is preferable, as it is only slowly acted upon.^ 

(b) The Bowman and Scott ^ method consists in reducing the nitric 
acid (or nitrate) to N2O3 by means of a solution of ferrous sulphate in 
strong sulphuric acid, the end point being indicated by the appearance 
of a pinkish- brown coloration. Nitrous acid and nitrites do not inter- 
iere, but chlorates, bromates, iodates, chlorides, bromides, and iodides 
must be absent. 

(c) The Pclouze-Fresenius method is based upon the reduction of 
nitrate by means of ferrous chloride, and the estimation of the excess 
of ferrous salt by titration with standard potassium permanganate : 

2KN03 + 6reCl2+8lICl=6FeCl3+2KCl+2N0 + lH20. 

Tliis method a])])ears to be accurate with dilute solutions oFnitrates.^ 

{d) Many modifications of the reduction of nitrates to ammonia 
have been pro})osed. The original method was by heating the nitrate 
with Devarda’s alloy in alkaline solution, and subsequently distilling the 
ammonia into standard acid solution. 

Other reducing agents are, reduced iron and sulphuric acid,^ alu- 
minium amalgam in alkaline solution,® and titanous sulphate.® The 
last-named method has the advantage of quickness with accuracy. 
Nitrates can also be estimated by the electrolytic reduction in a solution 
of copper sulphate containing a known quantity of standard acid.^ 

I Koehler, Marqueyrol, and Jovinet, Ann. Chim. anal., 1913, 18 , 45. 

- Bowman and Scott, J. Ind. JSng. Ghem., 1915, 7 ? 766. 

Letts and Rea, JProc. Roy. Soc. Edin., 1915, 35 , 168. 

Lnngc and Keane, Technical Methods of Chemical Analysis. 

^ Pozzi Escott, Zeitsch. angew. Ghem., 1911, 43 , 2046. 

Knecht, J. h>oc. Ohem. hid., 1915, 34 , 126. 

^ Vortmann, Ber., 1890, 23 , 2790 ; Easton, J. Amer Chem. Soc., 1903, 25 , 1042 ; 
Ingham, ibid., 1904, 26 , 1251. 
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2. Gasometric Methods, — {a) The Lunge nitrometer is very largely 
used for the estimation of nitric acid and nitrates, but is liable to a 
number of errors due to the solubility of nitric oxide in sulphuric acid, 
temperature fluctuations, period of shaking, etc.^ 

{h) The Schloesing-Grandeau method depends upon the reduction of 
nitrates to nitric oxide (which is measured) by boiling with ferrous 
chloride and hydrochloric acid : 

NaN03+3FeCl2+4HCl=NaCl+3FeCl3+N0+2H20. 

3. Gravimetric Method. — Nitron has already been mentioned as 
affording a delicate means of detecting nitrates. This substance is 
1 : 4 diphenyl, 3 : 5 endoanilido, 4 : 5 dihydro, 1:2:4 triazole, and 
gives a crystalline insoluble nitrate even with minute quantities of 
nitric acid.^ The precipitate obtained by using an acetic acid solution 
of nitron is filtered and weighed in a Gooch crucible. 

Nitrous and nitric acids in a mixture may be estimated by first 
estimating the nitrous acid by means of potassium permanganate, and 
then oxidation of the nitrous acid in another portion with hydrogen 
peroxide and estimating the total nitric acid with nitron.^ 

The nitron method for nitrates is inapplicable in the presence of 
hydrobromic, hydriodic, chloric, perchloric, thiocyanic, ferrocyanic, 
ferri cyanic, and picric acids. 

Pernitric Acid, HNO^. 

The supposed nitrogen hexoxide was considered to give a pernitric 
acid with water. Oxidation of nitrous acid in solution by 3 per cent, 
hydrogen peroxide solution is stated by Raschig ^ to produce pernitric 
acid : 

HNO2+2H2O2 =HN04+2H20. 

The decomposition of pernitric acid by water occurs slowly, according 
to the reaction 

HN04+H20=HN03+H202. 

Pure hydrogen peroxide and nitrogen pentoxide at low temperatures 
yield a substance exhibiting typical properties of a per-acid : ^ 

H202+N203=IIN0,+HN03. 

Bromine is liberated from potassium bromide, and aniline is oxidised 
to nitroso-benzene by the acid. 

Electrolysis of a solution of silver nitrate yields a black crystalline 
precipitate, assumed to be the silver salt of pernitric acid.^ 

^ Tower, Zeitsch. amrg. Ghem., 1906, 50 , 382 ; Marqueyrol and Florentin, Bull. Soc. 
ohim.f 1911, 9 , 231 ; Taylor and Webb, J. Soc. Ghem. iTid., 1922, 41 , 362T ; Newfield and 
Marsh, J. Amer. Ghem. Soc., 1906, 28 , 877 ; Leo, Ghem. Zeit, 1909, 33 , 1218. 

2 Busch, Ber., 1905, 38 , 861 ; 1906, 39 , 1401. 

® Raschig, Zeitsch. angew. Ghem., 1904, 17 , 1419. 

^ d’Ans and Eriederich, Zeitsch. anorg. Ghem., 1911, 73 , 344. 

® Mulder and Herringe, Bee. Tmv. chim., 1898, 17 , 129. 
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NITROGEN AND SULPHUR. 

Nitrogen combines with sulphur indirectly, usually by coupled reactions, 
giving a solid compound, S 4 N 4 , a liquid, S 5 N 3 , and possibly other com- 
pounds. These are probably nitrides of sulpliur ; the nitrogen is the 
electro-negative part, as is shown by the manner of formation and the 
reactions. They can be regarded as derivatives of ammonia, from which 
they are formed by some remarkable reactions. 

Solid Sulphur Nitride. — The solid nitride was discovered by 
Gregory ^ in 1835, and then completely investigated by a number of 
scientists.^’ ^ 

The preparations follow three main Hnes : 

1 . From Chlorides of Sulphur, or Thionyl Chloride, and Ammonia in an 
Organic Solvent — The liquid medium in which the reaction takes place 
may be carbon disulphide,^ benzene,®’ ® or cldoroform.’^ A solution 
containing 25 grams of SCI 2 in 200 c.c. of benzene is saturated with 
ammonia.® The orange-coloured precipitate is washed with water to 
free it from ammonium chloride and recrystallised from carbon disul- 
phide, or carbon tetrachloride, to free it from sulphur. It crystallises 
on cooling in golden crystals. A further quantity is obtained by evapo- 
ration of the benzene mother-liquor, and may be recrystallised from 
benzaldehyde. 

It is probably formed by the reaction 

12SCl4+16NH3=3S4N4+2N2+48HCl.® 

The yield actually obtained exceeds that calculated from this 
equation by about 10 per cent. This is attributed to the reaction 
between SgClg and NH3, as stated below. 

When sulphur monochloride, (SgClg), is used, there is an abundant 
separation of sulphur. By mixing ice-cold solutions of ammonia and 
of sulphur monochloride, both in chloroform, there is obtained a mixed 
precipitate, probably formed by the equation 

6 S 2 Cl 2 + 16 NH 3 =S 4 N 4 -fl 2 NH 4 Cl+ 8 S. 

Other sulphides are found in the mother-liquor.^ 

^ Gregory, J. Pharm., 1835, 21, 315 ; 22, 301. 

Soubeiran, Ann. Chim. Phys., 1838, [2], 67, 71, 96. 

^ Fordos and Gelis, Compt. rend., 1850, 31, 702. 

^ Muthmann and Clever, Ber., 1896, 29, (i), 341 ; Clever and Mutlimann, Zeitsch. 
anorg. Ghem., 1896, 13, 200. 

® Divers and Haga, Ghem. News, 1896, 74, 277. 

® Schenk, Annalen, 1896, 290, 171. 

’ Macbeth and Graham, Proc. Boy. Irish Acad., 1923, 36, 31. 

s Ruff, Ber., 1904, 37. 1573. 

. ® Macbeth and Graham, loc. cit. ; Valkenburgh and Bailar, J. Amer. Ghem. Boc., 1925, 
47, 2134. 
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Thionyl chloride gives a mixture of S 4 N 4 , ammonium chloride, and 
ammonium salts of thionic acids. ^ 

2 . From Liquid Ammonia and Sulphur. — Sulphur dissolves freely 
in liquid ammonia, giving a red-brown solution, ^ and the prob- 
ability that a chemical reaction takes place was pointed out.^ It was 
likewise shown ^ that, after the addition of Agl to remove the HgS, and 
removal of the Ag 2 S by filtration, the subsequent evaporation of the 
ammonia from the filtrate yields S 4 N 4 . The evaporation of a solution 
containing both H 2 S and S 4 N 4 in NH 3 leaves pure sulphur. These 
facts, taken together, point to the establishment of an equilibrium. 
Thus : 

4NH3+10S^S4N4+6H2S. 

8 . F7'om Barium Amido-sulphonate. — This salt decomposes on heat- 
ing, giving various products, among which an orange sublimate was 
found of empirical composition NS, formed probably according to the 
equation 

3Ba(S03NH2)2=3BaS04+HN(S03NH4)2-hNH3+SN + JN2.^ 

Properties. — The comioouiid forms reddish crystals which belong to 
the rhombic,'^ or monoclinic ® systems. The density is 2 * 2 . Under, 
atmospheric pressure it sublimes at 135° C., while under increased 
pressure it melts at 178° C.^ When sublimed in a vacuum over silver 
gauze it condenses as a blue substance, which may be a polymer,^® It 
decomposes slowly when heated to 185° C., and over 200° C. explodes, 
giving nitrogen, sulphur, and possibly another sulphide. It is an 
endothermic compound, the heat of formation being —0*7007 Cals, 
per gram, or —129 Cals, per mol., S4N4. It is insoluble in water, but 
soluble in the solvents mentioned above, in alcohol, ether, and many 
other solvents. The molar weight in these corresponds to the formula 
given,^’ e.g. by the ebullioscopic method in CS 2 . 

Reactions. — The compound is slowly hydrolysed by hot water, more 
quickly by alkalies and acids, giving ammonia or its salts, and salts 
of sulphur oxy-acids or free sulphur. These reactions prove that it is 
a nitride of sulphur, not a nitrogen sulphide. 

It is decomposed by dry hydrogen chloride, according to the equation 

S4N4+12HCl=4NH3-h4S+6Cl2. 

With liquid hydrogen chloride it gives ammonium chloride and 
chlorides of sulphur.^ It forms many addition compounds : thus 
S 4 N 4 . 2 NH 3 can be obtained from the solution in liquid ammonia, 

1 Gore, Proc. Koy. Soc., 1873, 21 , 140. 

Franklin and Kraus, Amer. Chem. J., 1898, 20 , 821. 

Hugot, Ann. Chim. Phys., 1900, [7], 21 , 5. 

^ Moissan, Compt. rend., 1901, 132 , 510. 

Ruff and Geiscl, Ber., 1905, 38 , 2659. 

Divers and Haga, Chem. Neivs, 1896, 74 , 277 j Trans. Chem. Boc., 189(), 69 , 1652. 

’ Nicikles, A'mi. Chwi. Phys., 1851, [3], 32 , 420. 

® Artini, Zeitsch. Kryst., 1906, 42 , 68 . 

® Schenck, Anyialen, 1896, 290 , 171 ; Andreocci, Zeitsch. amnj. Chem., 1897, 14 , 246. 

Burt, Trans. Chem. Soc., 1910, 97 , 1171. 

Berthelot and Vioillc, Ayin. Chim. Phys., 1882, [5J, 27 , 202 ; Compt. rend., 1881, 92 , 

130 . 

Muthmann and Clever, Ber., 1896, 29 , (i), 340 ; 1897, 30 , (i), 627. 

Andreocci, he. cit. 
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^4^1^ ^ I yellow aiul r(‘(l suhstjincc's r<'s|HH‘ti\’(‘ly, and 

SjX i.vSdo is a yellow suhstancr. Tlu‘S(‘ (‘oiupounds arc‘ prc^panal by ilu‘ 
addition of tiu* rt'spt'etivt* (‘Itaiuails and D> iN , in solution. 

Many <‘onipounds with acid radicals, su(‘h as NSO and S,iN;iC-I, Iiav<‘ 
hetai prt‘pan‘d ; “ t}u‘ latt(‘r snhstaiuH^ by liu^ nsielion Ix'twtaai 

S jX I and sulphur (*hloridt‘ or ae(‘tyl ehlorid(‘. It, behav(\s like a, base, 
.idvin.i*: salts, i\g. a nitrate' with nitric acid.** 

(^ufhsiiiKtidN. TIu' prt'paration from Sd.^ and NH.j, and tlu' decom- 
position with IK’l into ammonia, and sulj)hur, show that the sulphur 
lake's the' |)ln<*e' of t he* hyelre)tift*n e>rN!I.j, anel that' the* nitroo'(*n atoms are* 
not linki'd to^(‘th(*r but are unite'd to sulphur by 12 vale'ueie's. The* 
\a}e*n(*y (»!* the* sulplmr is pre>bably ^n*eat(‘r than that is, it may be* t. 

Furthe*r, in the* iormafiem ol* tlueieliarnine's IVeun s(‘(*em(lary amine's 
by the* (*e|uation 




MdINHg M2S(NR.2)2 I 


the* avt'ra^u* vale*ne*y of e'ach sulphur ate)m e‘xert(‘d towa,rds NH.2 has 

ialle'u to 2 , sa that the* hyelrejjLje'U eO* the* amine* is insudieie'ut te) ^jfive* 
ammemia, anel nitroo:e‘n is se‘t IVea*. A se>lutiem in lieiuiel ajnme)nia 
re‘ae*ts with lt*ad ieulide* io ^uve* ld)NoSo, with me‘re*urie* ie>eliele‘ to ^nve* 
: in which, as sliown by their ele‘e‘e>mpositie)n wht'n act eel on 
by IU‘k the* me*tal is unite'd te) uilre)^a*n l>ut not te) sulphur. They a.re 
the'relbn* <‘oiisidere‘el to be* the* elit hie)eli-imiele‘ anel the* t hioeli-imiele* re- 

spe*<*tive*Iy, anel te) contain the* raelie*als S anel N S N 


\ 


N 


d'he* structure nssi|4ne*el to the (*e)mpe)und S jN j is : 


N S N S . N -S N. 

II 

S 


(hi sublimation of nitre)<ife‘n sulphide witli sulphur, small epumti tie's 
of a dark re*d Ii([uiel are* e)blaine*<l which seilidilie's at HO" and ein 
analysis ^i\e*s data <*orrcspomIini( tei the* e*mpirical leirmula. NSj,.'^ 

Lk|ukl FentUHulphur Dinitrkle. This cempienmel is prcpare*d 
by the* reaction be't\v<*e‘ii llu*se>liel sulphide* and <*urbon disulphide* uuele*r 
pressure* at 100 

S,X, i 2(\s, S,N, I S I 2(hNS. 

It is alse) fouud iu the* mot lu'r-liepmrs, re'sullin^^ IVeun the* pre'paratiem e>r 
SjXj, and in the* prodiu’ts eif its de'ceunpositiem by he‘a,t. It is a re'el 
me)bilc* liefuid e)!' etcusity 1 * 0 , which is e'usily froze'ii ; the* soliel nu'lts at 
fdiout 10 (*, It earn he* vnporiscel with partial de‘ce)m|)e)siliou. Like* 
the* se)lid nitride*, it is sohdilc in eir^^anie* solve'uts anel inseiluhlc in wale*!*, 
aepH'ons a<*ids, anel nlkalics, by which, Imwe'veT, it is hyelrolyse‘el, ^^uvinn* 
ammonia anel sulphur. It vim he kc*pt in seilutiem. The* liepiiel ilse*!!' 
tle*e*ompose*s slowly and e*%plode‘s e)n hcatiu^^ 

^ I ifaiiiin'fiy, Ctfmpt. rtful.^ IHHU, 91, 854, UHHl 
’ MtUlimmm im<l i’li’Vi’r, lot\ clL 
‘ Mnihitaiaa luul »S<4tUT* lUr,^ 1807, 30, (J27. 

* rMhcr. TmuH, (*hvm. iS'or., 1025, 127, 75e). 

' Mtaliiimaii niul (HcvU'r. ZeiUrh. ammj, ('htm., 1807, 13, 200. 



CHAPTER XIV. 


FIXATION OF NITROGEN 

Arc Processes. — The combination of nitrogen and oxygen by electric 
sparks was first shown by Cavendish in 1784. Rayleigh ^ in 1897, 
describing his experiments which isolated argon from the atmosphere, 
pointed out the possibilities of utilising the electric arc for the industrial 
fixation of nitrogen. 

The conditions for production of a good yield of nitric oxide are : 

1. The maintenance of a high-tension arc. 

2. The exposure of a large quantity of air to electrical action. 

3. The rapid chilling of the products.^ 

The first technical attempt to utilise this reaction was that of 
Bradley and Lovejoy^ in 1902 at Niagara. The arcs were struck 
between platinum points fixed in an outer casing and similar points 
which were rapidly rotated on a concentric axle, resulting in the making 
and breaking of over 400,000 arcs per minute. Although the efficiency 
was good, the yield being 86 grams of nitric acid per K.W.H., it was 
found that the mechanism was too complicated for technical use. 

The Birkeland-Eyde Arc. — The first commercially successful process 
was that of Birkeland and Eyde,^ which was started in 1903 at Notodden 
in Norway. An alternating current arc struck between water-cooled 
copper electrodes is deflected by a powerful magnetic field applied in a 
direction at right angles to that containing the electrodes. The arcs 
formed across the shortest air space are driven outwards in the form of 
a semicircle until their resistance becomes so great that they are ex- 
tinguished, or until the direction of the current changes so that the arcs 
are directed to the other side. The result is a disc of electric flame or 
an electric “ sun,” two yards in diameter, formed in a firebrick chamber 
through which the air, preheated in the outer part of the furnace, is 
blown. The percentage of nitric oxide in the issuing gases is about 
1-25, and the yield of nitric acid 67 grams per K.W.H., or 580 to 590 
kilograms per K.W.Y. (reckoned as acid and nitrate). Originally 
about 700 K.W. were employed in the furnaces, but 4000 K.W. are now 
used. The voltage employed is about 5000, of which up to 4000 are 
across the arc, the remainder being used in the inductances, which are 
necessary to steady the arc. The power consumed is great, so that the 
process is only applicable where power is cheap, e.g. derived from water, 
as at Notodden. In these localities, the simple nature of the process 
and the robustness of the plant, combined with the fact that the raw 

^ Rayleigh, Trans. Chem. Soc., 1897, 71, 181. 

2 See also section on Synthesis, under Nitric Oxide, p. 159. 

3 Bradley and Love joy, English Patent, 8230 (1901) ; Haber, Zeitsch. Elehirochem., 1903, 
9, 381. 

^ Zeitsch. Elehirochem., 1905, ii, 252 ; Birkeland, Trans. Faraday Soc., 1906, 2, 98 ; 
Eyde, Roy. Soc. Arts, 1909, 57, 568 ; 1912, 60, 645 ; Scott, ibid., 1912, 60, 645. 
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material — air — costs nothing, have allowed it to retain its position in 
the manufacturing world. 

The gases escaping from the furnace, which have rapidly cooled to a 
temperature of about 800° to 1000 ° C., are used for steam-raising. At 
600° C. the reaction 

2NO+O2 

begins, and is complete at 140° C. The process of cooling from 300° to 
175° C. is used to preheat the entering air. The oxides of nitrogen, 
after cooling to 50° C. by passing through water-cooled aluminium 
pipes, pass into a cylinder lined with acid-proof stone in order to carry 
further the (slow) conversion into NO 3 . These oxides are then absorbed 
by water trickling over broken quartz in granite towers 70 feet high and 
20 feet in diameter. The acid produced in the first tower reaches a 



concentration of 30 to 40 per cent, of nitric acid, while the strengths in 
the succeeding towers are 20 , 10 , and 5 per cent, respectively. The 
maximum production of nitric acid corresponds to the reaction 

2NO2+H2O — ^HNOg+HNOg, 

which only takes place in cold dilute solution. In the case of hot 
solutions containing more than 46 per cent. HNO 3 , and gases containing 
about 1 per cent. NO, the nitrous acid is decomposed : 

3HNO2 — >HN 03 + 2 N 0 +H 20 . 

Hence in practice some NO will escape, and this after further oxidation 
is absorbed by solutions of sodium hydroxide or sodium carbonate, or 
a mixture of both, when about 95 per cent, of the NO appears as sodium 
nitrite and 5 per cent, as the nitrate. Evaporation of the solution 
produces the crystalline mixture, which is used in the chamber process 
for sulphuric-acid manufacture, or else the nitrite is recovered for the 
manufacture of dyes. 

The nitric acid may be concentrated according to the methods 
detailed on p. 190, or used (as in Norway) to dissolve limestone. The 
normal calcium nitrate, Ca(N 03 ) 2 , is converted into a basic salt, con- 
taining 13 per cent, of nitrogen, which is not deliquescent and is used 
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preheated to about 500° C. by the issuing gases, and leaves the furnace 
at about 850° C. with a content of about 1-8 per cent, of nitric oxide. 
The yield is 68 grams of HNO 3 per K.W.H., or 500 to 600 kilograms per 
K.W.Y. * 

Absolute and Comparative Efficiency of Electrical Processes for the 
Combustion of Nitric Oxide, — ^The proportions of the total electrical 
energy supplied which are used in 
the actual production of nitric 
oxide are small. If all the elec- 
trical energy were so used in the 
form of heat to combine nitrogen 
and oxygen, which have a heat 
of combination equal to —21*600 
Cals., it can easily be shown ^ that 
1 K.W.H. should give as a maxi- 
mum 2500 grams HNO3. The 
amounts given above are about 
3 per cent, of this. But the elec- 
trical energy is also required to 
heat up a large excess of air (with 
1*25 per cent, of NO) to, say, 900° 

C., and if this heat is included, the 
theoretical yield is only 102 grams 
HNO 3 per K.W.H., or the efficiency 
is over 60. 

Synthetic Ammonia. — The 

fixation of atmospheric nitrogen 
in the form of ammonia by direct 
combination with hydrogen is one 
of the most successful and econom- 
ical of processes, as the amount of 
energy required is small. The fact 
that about 65 per cent, of the 
world’s supply of fixed nitrogen is 
produced by this method (1925) is 
an indication of the importance of 
this process. The direct combin- 
ation of nitrogen and hydrogen in 
the presence of a catalyst is shown 
by the equation 



and the equilibrium of this reversible reaction is given by the expression 

PkH,' 

[For further details on equilibria, velocities, and yields, see section 
on N 2 , tig Equilibria, pp. 95 et seq.^ 

It is obvious from the above equation that, as a contraction in volume 
from 4 vols. to 2 vols. occurs, increase of pressure will favour the 

^ Allmand and Ellingham, Applied Electrochemistry (Arnold, 1924). 
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ibnnation of anunonia ; als<^ as llu^ n^action is (‘xotluTinia, as hnv a 
teniperature consist cat wit it (»thrr ia<‘tors will give iht* l*est 
(p.97). ^ . 

Haber Proees\s\ In tlu‘ Haln'r ’ pro(‘(‘ss, t.Iu‘ first to nc»hii‘Vt‘ 
teduiieal sucsrss, tiu* nitrogtai and hydrogen are l)r<mght into c'ontaei 
with the catalyst at a pn‘ssur(‘ of 200 atniosplieres and a ttitipcrature 
of 000^ C. Th(^ (‘atalyst most g<au‘rally ustal is iron iii scnne form or 
other, althongh this is not nt‘et‘ssarily tlie h<‘st catalyst apart from tlu* 
question of (*ost. Th(‘ various catalysts have already beem discmsscHl 
under Ammonia (p. 108). In any case, whatever the catalytic mutt'rial 
used, it is imperative in the IIuIhu’ proct‘ss tliat the reacting gases sludl 
be as pur(‘ as possildts It is (‘stimattal that froiii 70 to 75 per etmt. of 
the working cost of the plant is in tlu' production of jairc^ nitrogtm 
and hydrogen. 

In Germany there an' two nu'thods of obtaining tht' nitrogen* 
hydrogen mixture, and both process(‘s involve' the so-ealk'd lioseh '' 
purification methods. At ()[)pau, water-gas (hydrogen 50 p<*r eetii., 
carbon monoxide 40 per cent., <'arbon dioxide and nitrogen) is mixc‘(l 
with steam and air, and tlu' itiixture passc'd over a heati'd catalytic^ 
material of Icrrie oxidc' and nickel or chromium oxidt'. The ehit'f 
reaction is tliat betwa'cn th<‘ steam and carbon monoxide, rt'sultitig in 
tlie production of hydrogen and carbon dioxide ; 

C0+H20:..^C02 + Ha. 

At comparatively low temperatures, namely, 400® to 600® €„ the 
rcjaction proceeds to a considerable extent from left to right, ami tlu.' 
resulting gas now contains nitrogen, hydrogen, carbon dioxid(‘, and small 
amounts of earhoti monoxide, liydrogen sulphid(‘, argon, and hydro- 
(‘arbons. Carbon dioxide is removed by washing with walt'r at high 
j)rcssure ; carbon monoxide is absorl)ed by scrubbing with ammoniacal 
<*uprous formate, followed by hot caustic soda solution, which also 
removes the hydrogen sulphide. 

The nitrogen-hydrogen mixture is now brought up to tht* rt‘(pured 
ratio 1 : 8 by the addition of nitrogen from a lande |)lant. 

At Merseberg, the “ Ilaber-Bosch ” ^ process diff(‘rs from that in use* 
at Oppau, in that the addition of pure nitrogen is dispc'used wit In Wat tu*- 
gas is mixed with producer gas ^ (chiefly uitrogeti and carbon monoxide*) 
and steam, and the mixture passed through similar contaed, furmu't's ns 
at Oppau to oxidise the carbon monoxide to the dioxide* : 

CO+HgO^COg t Hs. 

The carbon dioxide, carbon monoxide, and suli)hur(‘tt('d hydn^gtui 
are removed as before, and a final removal of impurities is effcVlcnt by 
passing through a series of small contact furnaces. It is thus pt^ssibfr 
to obtain finally the right nitrogen and hydroge'u mixture* by stiitublr 
adjustment of the original amounts of wat(‘r-gas, t)roduc(*r gas, and 
steam. Or nitrogen and steam may lx* passed ovc*r Tin* 

tlieoretical considerations underlying tiu^ combination of nitrogen an<f 

* English Patent, 16209 (1920). 

^ Coke-oven gaH may he uwhI (Dodge, Chem, Met. Eng,, 1926. 33 , 4161. 

® Blackburn and ThomoH, English Patent, 257689 (1926). 
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hydrogen have been dealt with in the section on the ammonia-nitrogen- 
hydrogen reaction and equilibrium, and it is only necessary here to 
indicate the technical working of the Haber process. 

The purified mixture of nitrogen and hydrogen in the proportion 
of one to three is passed into the circulatory system through a soda- 
lime drier. The gases under a pressure of 200 atmospheres are pre- 
heated by electrical coils, and come into contact with the catalyst which 
is contained in steel bombs, 6 metres by 80 cm. internal dimensions.^ 
The catalyst material is maintained at 600° C. by means of a system of 
heat regenerators, and the ammonia is absorbed by water under pressure 
flowing down steel spirals. A solution containing about 25 per cent, of 
ammonia is obtained, and the uncombined nitrogen and hydrogen are 
passed back into the circulatory system after drying. TMs ammonia 
liquor is either used for oxidation direct to nitric acid (p. 214), or else 
converted into ammonium sulphate by neutralisation with sulphuric 
acid. This latter substance became very scarce in Germany during the 
War owing to the blockade of the Allies, which cut off the supply 
of pyrites. This shortage of sulphuric acid was overcome to a large 
extent by the successful technical process of the Badische Company.^ 
Ammonia gas and carbon dioxide are passed simultaneously into water 
which contains freshly calcined gypsum in suspension. Calcium car- 
bonate is precipitated and ammonium sulphate remains in solution : 

2NH3+C02+CaS04+H20=CaC03+2(NH4)2S04. 

A highly purified ammonium sulphate is obtained by concentrating 
the filtrate in vacuum pans. 

An interesting modification of the Haber process was tried at 
Sheffield, Alabama, by the United States Government Nitrate Factory 
No. 1, under various patents of the General Chemical Company.^ The 
catalyst used was an activated sodamide made by heating to 550° C. 
pumice impregnated with nickel or ferric nitrate, and treating at 450° C. 
with sodium and ammonia, when sodamide was formed in the spongy 
metal. The nitrogen-hydrogen mixture, at the relatively low pressure 
of 70 to 100 atmospheres, was passed over the catalytic material 
maintained at a temperature of 500° C. This process was not a technical 
success owing to the faulty construction of the plant and the poisoning 
of the catalyst with water. Later the process was taken over by the 
Atmospheric Nitrogen Company in conjunction with the Solvay Com- 
pany of New York, and a successful production of 10 tons of liquid 
ammonia per day for refrigerator purposes was attained. 

The Claude Process. — M. Georges Claude ^ carefully investigated the 
equilibrium percentages of ammonia produced at very much higher 
pressures than those used by the Badische Company in the Haber pro- 
cess, and in 1918 announced his invention by which the use of pressures 
of 1000 atmospheres very materially increased the yield of ammonia. 
Under a pressure of 1000 atmospheres and temperature of 600° C. the 

^ For diagrams of catalyst bombs, see p. 105. 

2 Wolf, German Patent, 299752 (1919) ; Badische Company, German Patent, 300724 
(1920). 

^ General Chemical Company, United States Patents, 1141947 and 1141948 (1915); 
English Patents, 120546, 124760, 124761, 124762 (1918). 

^ Claude, Compt. rend., 1919, 169, 649, 1039; 1920, 170, 174; English Patents, 130086 
(1918), 142150 (1918). 
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percentage of ammonia reaches the high figure of 25, whereas from the 
table on p. 99 it will be seen that only 8*25 per cent, of ammonia is given 
at the same temperature under 200 atmospheres. In addition to the 
enhanced yield there are important economies effected in the working 
of the plant, as in the Haber process the maintaining and restoring 
of pressure by stages is troublesome and expensive compared with 
the actual yield of 6 per cent, of ammonia. In the Claude process the 
work of compression is greater, but since it is proportional to the 

logarithm of the pressure ratio ( A— RT log — j, it is only greater in the 

proportion 2*3 to 3. 

The pressure is obtained in stages of 100 — 300 — 1000 atmospheres, 
and the advantages of the process are : 

(1) A sufficient percentage conversion can be obtained in one opera- 
tion, instead of a lengthy series of circulations as at 200 atmospheres. 

(2) Liquid ammonia is produced in bulk merely by releasing the ' 
pressure to that of the atmosphere and cooling with water. 

(3) The spontaneous evaporation of ammonia from the liquid state 
at ordinary temperatures obviates the expense of evaporation as re- 
quired by the Haber process. 

(4) A useful source of refrigeration is provided in converting the 
liquefied ammonia into gas, which can be utilised for subsequent 
fixation of nitrogen as a fertiliser. 

The second important feature of this process, due to Schreib,^ is the 
fixing of the ammonia in the form of ammonium chloride. It would 
appear that this salt is just as efficient a fertiliser as the sulphate, 
and could be obtained in larger bulk more cheaply. The ammonium 
chloride is obtained by a modification of the Solvay (ammonia-soda) 
process. Saturated sodium chloride solution is further saturated with 
ammonia gas under pressure and carbon dioxide is passed into the 
solution, with the formation of ammonium chloride and sodium bi- 
carbonate, 

NaCl+NH 3 -fC 02 +H 20 =NH 4 Cl+NaHC 03 . 

The sodium bicarbonate, being practically insoluble in sodium chloride 
solution, is precipitated, and the filtrate is again saturated by the 
addition of solid sodium chloride. Further treatment with ammonia 
and carbon dioxide produces normal ammonium carbonate in solution 
and precipitates ammonium chloride. The ammonium carbonate in 
solution is converted by a further quantity of carbon dioxide into the 
bicarbonate, 

(NH4)2C03-hC02+H30=2NH,HC03; 
and this ammonium bicarbonate precipitates sodium bicarbonate, 
NH 4 HC 03 -t-NaCl ^NH^Cl -f-NaliCOg, 

giving a solution of ammonium chloride as in the first reaction. 

Hence a cycle of operations occurs with alternate precipitation 
of sodium bicarbonate and ammonium chloride. This latter salt is 
obtained 97 per cent, pure in two cycles, and as the impurity is chiefly 
sodium chloride, the ammonium chloride can be directly used as a 
fertiliser without injurious effects. 

^ Schreib, German Patent, 36093 (1885). 
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Tlu‘ (‘hit'f source of hydro^jfiMi for tiu‘ Claude pro(H\ss, a,s worked 
in Frauet\ is cokt‘-oV(‘u ^ras, and one of tlu‘ most promisin^^ methods 
lor purihealion is h}* rra(‘tionation bet\V(‘(‘n KK)"^’ C. and 210'’ C., 
wlua't'hy hydrotjfcn is ohtaiiu*d suitable for tlu‘ ammonia synthesis.^ 
A(‘eordin^ to Ct‘d(‘rb(‘rt(,“ ellieient purilieation of Iiydrogiai from oxy/^^ai, 
watt‘r- vapour, carbon numoxidt*, and dioxid(‘ can l>e obtained by passin^^ 
the guises lhrou<^h a s(^lution of sodium in licpiid ammonia. Of the 
various catalysts ust‘d, a material which will last lor some hundreds of 
hours has bet*n ol)tain(*d by dirt'ctin^^ a jet of oxygen into a molten 
mass of ferrous oxid<‘, iron, (*aleium oxi(k‘, and a small amount of 
alkaline oxide eoidained in a maiijm^siai enu*ible.‘* 

Ca.sale Pmrs's. Tlu‘ outstanding^ f<‘a.turt‘ of t h(‘ C'asak^ process for 
syntlietie ammonia is the lar^m seuk' production of eleetrolytie hydro^ani, 
part of winch is burnt in air to ^uve lh(‘ re((uisit(‘ nitro]L»:en. Thc‘ nitroo'cn- 
liydro^am mixture is tluai passed into stet‘l cylinders containing coaxial 
atmular (‘hambea's,** so that the walls of th(‘ vess(‘l art‘ j)roteete(l from 
tin* hot hydrogcan Tlu‘ pressure (anployed is 300 atmospheres, and a 
sptaaal catalyst is elainHal which functions in spite of relatively im[)urc 
nitrogen and hydrogen. Mtadion has been unuk‘ that 70 to 75 per cent, 
of thi‘ total costs of tlu‘ Haber and Ciaud(‘ synthetic ammonia pro- 
cesses is the preparation of pun' gases so that tlu‘ catalyst will not be 
'' poistauah" Tlu* catalytic material of tlu‘ Casakj proc^ess is made by 
bringing iron into violent (‘bullition with oxygcai under pressure' in the 
pnwtan’e of alkaliiu' c*nrlh oxiek's. About 10 pc'r (tent, of the oxidation 
product is allowed to vaporise so as to nanovt' impuritie^s ckrtrimenlal 
to tlie catalysis. A certain pnsk’lt'rjuimHl amount of ammonia is 
mixi’d with tlu‘ mixture of nitroge'u and hydrogem ; tlu‘ ammonia is 
litpu'hed by ndVigtTation and an amount capnil to that formed removeal, 
and the* gases again subjected to catalysis. 

A later patent of Casulc ’ <*mbodies llu' use' of the oxygen obtained 
from the clc<*trolysis evf water. A gas approximating to the^ composition 
<»f water-gas is (obtained by passing an oxygen-air mixtures into a genera- 
tor burning lignite* or peat. I'his gas is then Inirnt in oxygem in a power 
g(‘m*rat(a, and the* resulting gase'ous mixture* of Jiydroge*n, nitrogen, 
and <*urhon dioxide* is eomprt‘ssed by a multiple stage* eomprc'ssor 
varying from 1(H) to 1000 atmospheres. The* carbon dioxide is removed 
hy passing the* eom|>re‘sse*d gases through a. r(‘frigerator eook*d below 
tl(V C‘. and is drawn off in the li<|ue’lk*(l form. The* last traee‘s of carbon 
dioxide* an* n’move*d l)y scrubbing with wale*r, and the; nitrog(*u-hyelroge*jii 
mixture* is enrie’hed with e‘Ie<*t rolyt ie* Iiyelrogeu to oi)taiu tlie right pro- 
port itms. He*e’ireulatioii of the uneom)Hm‘(l gase*s through the; eailalyst 
bomlm occurs Hftt*r removal of li(juelk*el a.mmonia.^ A sue.ex'ssful 
teelmie*al plant on the (’asale principle has lH‘e*n installed at Tend in 

^ diiuiiis l*tiirni.s 174327 (U)2l), l75tK)r> (1921); J, Site. Vhvjik Ind., 1922, 41 

■MhIA» iM(»A. 

** N*nri4% II iCnijlinh 294477 (1924). 

ihitrnt, 14.3244 (1922); ./. S(u\ (%m. I nd„ 1922. 41 , 214A. 

» iCmjitHk /Vi/r/iK 14HHH4 (1920). 179144 (1920), IH4179 (1921), 194740 (1921), 

I937H9 |1922|. 2mi379 (1922). 197944 (1923). 221102 (1923). 221949 (1923) ; UnUrd MhIm 
htknh, 13H442H fI92t), l4«m9H7 (1922). U47123 (1923). 

* i'nitrd- Stuir.H l^tUt nl^ 147H449 (1923). 

“ C*«i«tlt% Knulinh Vaknh, 197199 ( 1922), 227491 (1924). 

* (‘iwitir, /V/frii/, 233040 (1924). 
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Italy, where the great waterfalls provide ample power for the electrolytic 
hydrogen (and oxygen). 

Fauser Process.^— -The initial source of the nitrogen in the Fauser 
process is liquid air, and hydrogen of 99 per cent, purity is produced 
electrolytically. The special advantage of this process is that when 
used in conjunction with an ammonia oxidation plant, much nitrogen 
can be obtained from the residual gases after the oxidation to nitric 
acid and oxides of nitrogen. These gases, which contain relatively 
much nitrogen and little oxygen, are mixed with hydrogen and passed 
over platinum asbestos. The oxygen is removed as water, and practi- 
cally pure nitrogen is now available for combination with hydrogen in 
the catalyst chamber. This latter takes tlie form of a bomb, and the 
nitrogen-hydrogen mixture at 300 atmospheres pressure is passed in. 
Preheating of the gases is effected by a system of heat interchangers 
wliich makes use of the heat of reaction, and the right temperature is 
secured finally by means of an electrically heated spiral. The heat of 
the gases from the catalyst chamber is used to volatilise ammonia from 
the solution obtained by absorbing the gas which has escaped liquefac- 
tion. The water serves as a lubricant for the compressors, and the 
ammonia liberated from the aqueous solution is obtained in the liquid 
form after cooling. The Fauser process offers a very economical method 
of nitrogen fixation, given an ample supply of water-power for pro- 
ducing electrolytic hydrogen, as a kilogram of nitrogen in the form of 
ammonia requires 17 K.W. hours direct cu.rrent, and 19 K.W. hours if 
in the form of nitric acid. 

Oxidation of Ammonia. — The direct oxidation of ammonia to 
nitric acid has been known for a considerable time, as shown by the 
experiments of Milner, who, in 1788, passed a mixture of ammonia and 
air over heated manganese dioxide with the production of oxides of 
nitrogen. Apparently saltpetre was made on the large scale in France 
during the Napoleonic wars by Milner’s method.^ 

Kuhlmann ^ in 1839 brought about a similar reaction by passing a 
mixture of ammonia and air over platinum sponge heated to 300° C. 
The well-known lecture experiment^ consists in introducing a hot 
platinum spiral into a flask containing ammonia solution through which 
oxygen is passing, when a series of explosions occurs with the formation 
of red nitrous fumes. 

Many other catalysts have been proposed from time to time, some of 
which have been patented ; these include platinum in different forms, 
manganates, permanganates, chromates, bichromates, iron, iron oxides, 
plumbites, platinised glazed j)orcelain, ceria, and thoria. 

In 1900 ^ an exhaustive study was made of the necessary conditions 
for the oxidation of ammonia by means of platinum, and patents were 
taken out in 1902 for the production of nitric acid on the technical scale. 

The final reaction is probably summed u.p in the equation 

(1) NH 3 -f 202 =HN 03 +HA 

but actually in practice at least four steps bave to be realised. 

1 J. Soc. Clmtb. iTid., 1923, 42, 835, 601 A; A. Zanabianchi, Giorn. Chim. Ind. AppL 
1923, 5, 171. 

- Black, Lectures on Chemistry, 1803, pp. 245, 455. 

3 KuMmann, Annalen, 1839, 29, 280. 

First devised by Kraut, ibid., 1 865, 136, 69. 

^ Ostwald and Brauer, English Patents, 698, 8300 (1902), 7909 (1908). 
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Thus the first product of oxidation is nitric oxide : 

(2) 4NH3+502-4N0+6H20. 

This nitric oxide is then converted into the dioxide by means of oxygen 
(air) : ^ 

(3) 2N0+02=2N02. 

Thirdly, the conversion of nitrogen peroxide into ^nitric acid occurs 
under the combined action of oxygen (air) and water : 

(4) 2N02+0+H20-2HN03. 

Finally, the dilute nitric acid thus produced has to be concentrated. 

Ostwald’s experiments were first conducted with ordinary smooth 
platinum and also the finely divided metal. 

It was found that while smooth platinum favoured the reaction 
(1), the use of platinum black caused the oxidation of the ammonia to 
occur largely in the sense of the equation 

(5) 4NH3+302=2N24-6H20, 

although at the same time the oxidation, according to equation (1), was 
accelerated. 

It was found, however, that on the technical scale platinum black 
was unsuitable — even in small amounts. Ordinary platinum, in the 
form of spirals or gauze, was found to be quite efficient, provided that 
correct conditions were used as regards volumes of ammonia and air, 
pressure and the temperature of the catalyst. The required oxygen 
is furnished by using 10 volumes of air to 1 volume of ammonia, and 
this mixture is passed at the rate of 1-5 metres per second through 
1 to 2 cm. of contact substance maintained at 300° C. The nitric acid 
is condensed in vitreosil receivers cooled by water, while uncondensed 
nitric acid vapours are passed into the absorption towers, where they 
meet nitric acid. 

As with other processes, there are numerous modifications of the 
catalyst vessel — the so-called ‘‘converter.” 

The original Ostwald type is used by the Nitrogen Products Company 
at Dagenham Dock. Crinkled platinum foil is used in an inner nickel 
tube surrounded by an outer iron tube. The initial heating of the 
catalyst by a hydrogen flame starts the reaction, and the heat evolved 
from the reaction serves to maintain the incoming gases at the right 
temperature (800° to 830° C.), so that once started no external heating 
is required. 

The Frank-Caro converter uses a platinum gauze heated electric- 
ally, and this type is found to be very efficient, especially for supply- 
ing nitrogen oxides to the chambers in sulphuric acid manufacture. 
The Kaiser patent ^ was the first to utilise multiple super-imposed 
gauzes of platinum in close contact, and the preheating of the 
gases to 300°-400° C. This new feature is the basis of all modern 
developments in the oxidation converter. The Partington Al Con- 
verter^ makes use of a modified Frank-Caro type, and consists of a 
top and bottom cone of enamelled iron, containing a vertical double 

^ Various oxides of nitrogen may be produced at different temj^eratures (Andrussov, 
Zeitsch, angew. Ghem.^ 1926, 39 , 321). 

2 Kaiser, English Patents, 20325 (1910), 24035 (1911) ; German Patent, 271517 (1914). 

® Partington, J. Soc, Ohem. Ind., 1918, 37 , 337E/. 
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layer of platinum gauze with an exposed surface 6 inches by 4 inches, 
made with wire 0*0025 inch diameter and 80 mesh. The gaseous 
mixture is obtained by blowing air through pure 25 per cent, ammonia 
liquor, and the proportion of constituents is 7*5 volumes of air to 
1 volume of ammonia, which is that required theoretically to give nitro- 
gen trioxide, NgOg. The platinum gauze is heated externally to 650°- 
700° C. initially, after which the temperature is maintained by the heat 

of the reaction (220 Cals.); preheating of 
the gases to about 400°-600° C. improves 
the yield. The conversion efficiency is from 
92 to 95 per cent., and the output is 1*5 
tons of nitric acid per square foot of con- 
verter cross-section (2 square feet total 
gauze area) per twenty -four hours. 

A converter of the above dimensions 
is capable of supplying a large chamber 
sulphuric acid plant with all the necessary ^ 
oxides of nitrogen, thus completely dis- 
pensing with nitre pots. The above work 
by Partington was carried out for the 
Munitions Inventions Department, and an 
^Catali/st interesting feature was the separation of 
^P/atfnum from the oxidation product of the 

^ y Gauze' converter by rapid cooling. The equation 
expressing the reaction 

4NH 3 50 2 4N 0 -j— 6H 2 O 

shows that removal of steam will result in 
a considerable concentration of the nitric 
oxide, although of course the condensed 
steam will contain nitric acid which is 
worth concentrating or absorbing with 
alkali. The further oxidation of the oxides 
to nitric acid is brought about by addition 
of secondary air after the coolers. 

Partington ^ has much further im|)roved 
the efficiency of the above type of con- 
verter by the substitution of oxygen for 
air, whereby an almost quantitative conversion is obtained. Two gauzes 
in contact are used, and, in order to damp down the explosive mixture 
of ammonia- and oxygen, steam is mixed with the gases, which are 
preheated to 500° C.^ The correct mixture is obtained by volatilising 
ammonia liquor (sp. gr. 0*88) in sufficient oxygen, i.e. that required to 
completely oxidise the ammonia to nitric acid : 

NH3+202=HN03+Il20. 

Direct cooling after conversion results in the production of a fairly 
concentrated acid, and absorption is dispensed with. 

Partington has determined experimentally the various conversion 

^ Partington, United States Pate7it, 1378271 (1921). 

2 A high velocity may be obtained by the use of a flat, narrow reaction chamber. 
Cederberg, English Patents, 246889 (1926), 244134 (1927). 
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Formation of Nitrides, Many attempts have' hecai made to tix 
ntmospherie iiitro«^en in th(‘ Idrm <d‘ nudallie nitridi‘s, AIN, 

(’h-iXm* etc., Ijy the (iire<’t e(jmhination of tlu' (‘kmuads a! a hi]L»;h Unn- 
perattin*. The produ<ii<ni of ammonia is them eflVeted hy tlie deeom- 
positiim of tlu'se <‘ompoumls by \vat(‘r or stc*am : 

AIN ^ aUA) AI(()II)3 I NUa. 

Sii'pfti /Varr.s.v. When aluminium is lu*att‘d in an atmosphere of 
nitrogen the tuetal inereas(*s in weight, and wluai the product, is fused 
with ptitnsh, ammonia is evolvaal/*^ Aluminium also forms a nitride 
when heated to 7(H) ' i\ in an atmosf)h(‘r(‘ ofnnunoniae^ Tlasst^ observa- 
tions HO’ the laisis of the Serpek jiroeess of lixiujy: atmospheric nitro^^jfcn 
gas, which was \vtn*ked teehnieatly for a time in tin* Savoy. 

Finely dividetl alumina, (Ah/);,), heated by furnace gast\s, pass(‘s 
down an inelimal ttd)e, is mixed witli povvdenal ('oke, and pass(‘s through 
a / 4 aje elect rii’ally heat(’d to 1800“ ('. It then* mtsds a curnait of 
nitrotam d(‘ri\ed from the (sanbustion of produt*t*r gas, with the forma- 
tion of aluminium nitrid<* and earlam monoxidt* : 

Al/);, ! :K' 1 Ng 2A1N ! :U’(). 

1*he carbon mont»xide, mixed with more air, is burnt to heat th(‘ first 
tube through whii’h tlie cold alumina is introdm’cd, Tlu* aluminium 
nilriile readily Iiyilrolyses esjteeially with wal<‘r timh'r prt’ssun*, and 
the hydroxide produced <*un he used for tlu* production of metallic 
aluminium. 

Originally the mixture of hauxiti* and enrh(Hi was heated in contact 
with iiitn»gi*n in rotating furnaces, hut later Si'rpck^^ us(*d a short 

* Atl«i|»ti d li’HStt {Htiiitmirij e/ Applinl hy 'riuu’jHs V'ul. iv (l^ougmaUB, 

1 1*22 1. 

3 Ilrsrxlrh leiii ihaifluT, AnunUn, ISH 2 , 123, SH. 

* \\ liUr liiiit Kirwhimtoii, ♦/. Amtr, ('hvm, iSW., 2H, UtUh 

^ Kmjimli t:inKa«nu»). 
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chamber in which the mixture, preheated to 1250°--1300° C., meets the 
current of nitrogen. 

With regard to the mechanism of the reactions occurring during 
the process, Serpek assumed that aluminium carbide, AI 4 C 3 , was first 
formed, which reduced the remaining oxide to the metal, 

Al^Ca+AlgOg^eAl+SCO, 

and the aluminium then combined directly with nitrogen to form the 
nitride, 

6A1+3N2=6A1N. 

The presence of certain impurities, such as oxides of iron and copper, 
acts catalytically, so that bauxite, which contains iron oxide, is a good 
raw material. The Badische Company ^ accelerate the reaction by 
mixing with the alumina and coal 5 to 6 per cent, of oxides of silicon, 
titanium, vanadium, etc., which themselves form stable nitrides, from 
which the oxides can be recovered and used again. 

The presence of such catalytic materials also enables the reaction 
to proceed at a lower temperature than would be possible with the pure 
alumina. The formation of aluminium nitride begins at 1100 ° C., and 
the yield increases with temperature to a maximum at 1800° to 1850° C. 
Above 1900° C., however, smaller yields are obtained owing to the dis- 
sociation of aluminium nitride into its constituents, and at 2000 ° C. no 
nitride was formed at all. 

Although other metals, such as lithium, magnesium, calcium, etc., 
form nitrides readily, they are too expensive for technical use owing 
to the difficulty of recovering the metal from the hydroxide produced 
after hydrolysis. Hence aluminium is really the only suitable metal 
which has been the subject of technical investigation. 

In actual practice the hydrolysis of the aluminium nitride is brought 
about by means of alkali, 

AlN+ 3 NaOH=Al(ONa) 3 +NH 3 , 

and the sodium aluminate can be either converted by the Baeyer pro- 
cess ^ into pure alumina, which is again used for making the nitride, or 
the metal. In the Serpek process potassium hydroxide solution was 
used in insufficient amount for the formation of the aluminate, so that 
the alumina remaining served to form fresh quantities of the nitride. 

Formation of Alkali Cyanides.^ — The synthesis of potassium 
cyanide by heating a mixture of potassium carbonate and carbon to a 
high temperature in an atmosphere of nitrogen was first discovered by 
Scheeie in 1784. Bunsen and Playfair^ in 1848 investigated the 
reaction between atmospheric nitrogen, potassium and carbon com- 
pounds, following the discovery of Dawes in 1835 that potassium 
cyanide was a product of the blast furnace. Incidentally it may be 
mentioned that it ^ has recently been suggested that about 1 per cent, 
of the nitrogen of the air blast could be recovered as cyanide without 
interfering with the production of iron in the blast furnace. 

^ Badische Company, German Patent, 243839 (1912). 

2 Tiiis series, VoL IV. 

2 See also under Cyanides, this Series, VoL V. 

^ Bunsen and Pla;;^air, B.A. Beport, 1845. 

® Franchot, J. Ind. Eng. Chem., 1924, 16 , 235. 
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Many attempts have been made to manufacture potassium cyanide 
from the carbonate, carbon, and nitrogen, but the greatest drawback 
is the deterioration of the furnace by the materials used at the high 
temperature required. It has been found possible, however, to prepare 
technically pure potassium cyanide (and sodium cyanide) indirectly 
by fusing crude calcium cyanamide, CaNCN, with the corresponding 
chloride or carbonate : 

CaNCN+ 2 KCl+C=CaCl 2 + 2 KCN ; 
CaNCN+Na 2 C 03 +C=CaC 03 + 2 NaCN. 

Bucher Process, — Interest in the original cyanide synthesis was 
revived by the exhaustive investigation of J. E. Bucher ^ into the 
production of cyanides as a method of nitrogen fixation, and various 
patents were taken out during the years 1914 to 1917. Essentially the 
process consists in the reaction between sodium carbonate, carbon, and 
nitrogen at a high temperature in the presence of finely divided iron 
which acts catalytically : 

Na 2 C 03 + 4 C+N 2 = 2 NaCN+ 3 C 0 —138,500 calories. 

As regards raw materials, sodium carbonate in the commercial form 
of soda ash is used ; coke, either metallurgical, petroleum, or pitch, 
may be employed with technical success, the latter form being practi- 
cally ashlcss, which obviates the periodic removal of material; with 
regard to the nitrogen, it seems that at present there is insufficient 
data to determine whether pure nitrogen or producer gas has any 
special advantages. 

The finely divided mixture of soda ash, coke, and iron is made up 
into briquettes, which are fed into externally heated vertical retorts 
heated to 900®-950° C., and nitrogen passed into the retorts under 
slight pressure. The reaction is of a complex nature, but probably 
the iron assists in the reduction of sodium carbonate to metallic sodium. 
After four hours’ heating the final product yielded cyanide to the 
extent of a 50 per cent, conversion of sodium carbonate. Bucher 
proposed lixiviation of the cyanised material with water to extract 
the cyanide as such, but the chief disadvantage is the solution of un- 
changed sodium carbonate. If sodium cyanide is required, the process 
worked for some time by the Nitrogen Products Company would seem 
to be advantageous, whereby liquid ammonia was used to leach out 
the cyanide, upon which it exerted a selective solvent action. 

The original idea of Bucher was to fix nitrogen as ammonia or 
ammonia derivatives, chiefly by hydrolysis of the cyanide. Thus, at 
relatively low temperatures the production of ammonia and sodium 
formate occurs, 

NaCN+ 2 H 20 =HCOONa+NH3H-64,000 calories., 

and any cyanate which has been formed by oxidation is converted into 
ammonia, carbon dioxide, and sodium carbonate ; 

2NaNCO+3H2O=Na2CO3+2NIl3+CO2+15,340 calories. 

At higher temperatures (400° to 500° C.) the hydrolysis of the 
cyanide occurs, with the formation of sodium formate and ammonia as 

^ J. E. Bucher, J, Enff. Chem. 1917, 9 j 233. 
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before, but the formate is broken down at that temperature into the 
carbonate, hydrogen, and carbon monoxide : 

2 HC 00 Na=Na 2 C 03 +C 0 +H 2 . 


The sodium carbonate produced could be returned to the cyanising 
retorts. 

Bucher suggested that further developments of this process might 
consist of heating the cyanide in air, whereby oxygen would be removed 
from the latter to form cyanate, and the nitrogen could be used for the 
cyanising furnace. If, then, one-half of the cyanate were heated with 
water, production of ammonia and sodium bicarbonate would occur : 

NaNCO + 2 H 2 O =NaHC 03 +NH 3 . 

The other half of the cyanate would react with this ammonia and 
carbon dioxide (produced by burning the carbon monoxide from the 
cyanising furnace) in the presence of water to form ammonium cyanate : 

NaNC0+NH3+H20+C02=NaHC03+NH4NC0. 

Intramolecular change converts ammonium cyanate into urea : 

NH4NC0=C0(NH2)2. 

The possibility of a cheap large scale production of urea is attractive, 
as modern research indicates that this substance is ideal for fertilising 
purposes. 

An interesting modification- of the Bucher process is the subject of 
patents by C. B. Jacobs ^ of the E. I. du Pont de Nemours Powder 
Company. Instead of briquetting, the addition of 5 per cent, sodium 
fluoride or chloride is made, which acts as a flux. Further, a reactive 
form of carbon is used which is obtained by incinerating black liquor at 
200° to 300° C. This latter substance is produced from the digestion 
of wood and other cellulosic materials with caustic soda. 

The composition of a typical charge is : 


Sodium carbonate . 
Carbon . 

Ferric oxide . 
Sodium fluoride 


40 per cent. 
40 

15 „ 


It is claimed that at 925° to 950° C. a 95 to 98 per cent, conversion 
of sodium carbonate is obtained in two hours. 

After all volatile matter has been expelled by heating, nitrogen in 
the form of producer gas is passed in under a j^ressure of 20 pounds 
above atmospheric, and this is continued until no more carbon monoxide 
is evolved. This gas is utilised by mixing with producer gas and burning 
under the retorts. 

Extraction of the mass with water yields a 96 to 98 per cent, pure 
cyanide after crystallisation. The above description of the modified 
Bucher process is given, because it would appear that the original pro- 
cess was not economical enough to fulfil expectations. According to 
Guernsey and Sherman, ^ the mechanism of the reaction is the reduction 

1 Jacobs, English Patent, 200902 (1922) ; U.E. Patent, 1481373-4 (1924). 

2 Guernsey and Sherman, J. Atmr. Ghem. Soc., 1925, 47 , 1932 ; see also Guernsey, 
Yeo, Braham, and Sherman, J. Ind. Eng. Ghem., 1920, 18 , 243. 
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of sodium carbonate to metallic sodium, which then forms sodium 
carbide, and this latter compound ‘reacts with nitrogen to form the 
cyanide, assisted by the iron as catalyst. 

-Reference should be made here to the fact that at present the only 
hirjge scale production of sodium cyanide is the Castner-Roessler process, 
the sole rights of which are owned by the Deutsehe Gold und Silber 
i^cheidenanstalt. In this process metallic sodium and ammonia are 
caused to react at 300° to 400° C., with the formation of sodamide : 

(1) 2Na+2NH3=:2NaNH2+H2. 

The molten sodamide is then brought into contact with red-hot charcoal, 
the final product being sodium cyanide, while sodium cyanamide is 
formed intermediately : 

(2) 2NaNH2+C=Na2NCN+H2; 

(3) Na^NCN-f C=2NaCN. 

It has already been mentioned that the sodium cyanide may be 
used as a potential source of ammonia by hydrolysis with steam. It 
must not be overlooked, however, that sodium cyanide is being used 
largely in the metallurgical industry — especially in gold extraction, and 
also that it has a limited use as an insecticide. 

Barium Cyanide. — In the description of the cyanamide process 
{infra) reference is made to the simultaneous formation of calcium and 
l)arium cyanides and cyanamides by heating the carbonates and carbon 
in nitrogen. Many attempts have been made to manufacture barium 
cyanide as a source of ammonia, but at the present time it would seem 
that this process has not developed into a commercial success. There 
are two lines along which investigations have been made : the first a 
single-stage process which resembles the Bucher process for sodium 
cyanide, and the second a two-stage process closely allied to the manu- 
facture of cyanamide. The first process consists in briquetting a 
mixture of barium carbonate and carbon (pitch or tar) and passing 
nitrogen over the mixture heated to 1000°-1400° C. : 

BaC03+3C-f-N2=Ba(CN)2-|-2C0. 

In the second process, the first stage is the production of barium 
carbide by heating barium oxide and carbon in the electric furnace : 

BaO+3C=BaC2+2CO. 

The second stage is the formation of barium cyanide by treating the 
carbide with nitrogen at about 1000° C. It is probable that barium 
cyanamide is formed as an intermediate product : 

BaC2+N2=BaNCN+C ; 

BaNCN+C=Ba(CN) 2 . 

The barium cyanide from either process may be treated with steam, 
when hydrolysis occurs, with the formation of ammonia and barium 
hydroxide : 

Ba(CN)2+4H20=Ba(OH)2+2NH3-f2CO. 

Theoretically, the barium hydroxide can be utilised again for the 
production of cyanide, but considerable practical difficulties are 
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eneoiintered. The high initial cost of the barium carbonate (and hydrox- 
ide) compared with that of calcium carbonate is a great disadvantage 
ni making a comparison of the cyanide and cyanamide processes. One 
ol the great drawbacks of the barium cyanide process is the corrosive 
action of the molten cyanide upon the retorts owing to the high tem- 
perature employed. Recently, Askenasy ^ has suggested that this may 
be obviated to a large extent by using a carbon of low ash content, 
such as petroleum coke or soot. This should be preheated to a tem- 
perature above that employed for its production, and should also be 
treated with oxygen or chlorine. 

Another method ^ for obtaining an intimate mixture of barium 
oxide and carbon is by decomposing methane with hot barium oxide, 
tlie particles of which become coated with carbon particles. The 
hydrogen from the methane is utilised for providing heat for the furnace, 
and also for the reaction of the mixture of barium oxide and carbon with 
atmospheric nitrogen as cyanide. 

Ilydrocyanic Acid . — It would seem desirable to indicate processes 
which have been proposed from time to time to fix atmospheric nitrogen 
in the form of hydrogen cyanide. So far, however, there is no large 
scale process of any importance which makes practical use of the 
synthesis of hydrocyanic acid. 

Berthelot^ discovered that acetylene and nitrogen combined to- 
gether with the aid of electric sparks to form hydrogen cyanide, and 
that the reaction was reversible : 

C2H2+N2^2HCN. 

Later, Dewar ^ showed that a mixture of hydrogen and nitrogen when 
passed through a carbon tube heated externally resulted in the pro- 
duction of hydrocyanic acid. 

Hoyermann ® repeated Berthelot’s synthesis by passing a mixture 
of 2 volumes of nitrogen and 1 volume of acetylene through a carbon 
arc, and obtained a 60 to 70 per cent, conversion of acetylene into 
hydrocyanic acid. 

Gruskiewicz® found that hydrogen cyanide was produced when 
sparks were passed through a mixture of carbon monoxide, nitrogen, 
and hydrogen. Lipins ky*^ considered that the carbon monoxide was 
lirst reduced to methane, on account of his experiments with a mixture 
of methane (from natural gas), nitrogen, and hydrogen : 

2CH4+N2=2HCN+3H2. 

Lipinsky’s method was tried on the technical scale at Neuhausen in 
Switzerland in 1914, when a quantitative conversion of methane into 
hydrocyanic acid was claimed. The mixture consisted of 20 per cent, 
methane, 70 per cent, nitrogen, and 10 per cent, hydrogen, which was 
jiasscd tlirough an arc between platinum electrodes from a 2200-volt 
altcirnating current supply. The hydrogen and excess of nitrogen were 

» AnkcnaBy, Gertnan Patent, 382041 (1922) ; Metzger, J. Soc. Ghem. Ind., 1924, 43 , 
94 B 

U. l.entz, Qeman Patent, 361864 (1920) ; J. Soc. Ghem. Ind., 1924, 43 , 133B. 

^ Bt'i’tlielot, Com.'pt. rend., 1868, 67 , 1141. 

** Deswar, Proc. Hoy. Soc., 1879, 29 , 188 ; 1880, 30> 

Hoyermann, Ghem. Zeit., 1902, 26 , 70. 

« Hniskiewicz, Zeitsch. Elektrochem., 1903, 9 , 83. 

’ L4)inHky, ibid., 1911, 17 , 761. 
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employed merely as a diluent, and it is stated that 30 grams of hydro- 
cyanic acid per K.W. hour were obtained.^ 

A somewhat different method of causing gaseous carbon and nitrogen 
compounds to combine was used by BeindJ,^ who employed a catalyst 
material consisting of a metal, its oxide and nitride. 

The Chemischerfabrik Griesheim Elektron propose the passing of a 
nitrogen -hydrogen mixture over coke in an electric furnace ; while a 
more recent process by the Norsk Hydroelektrisk Kvaelstofaktieselskab ^ 
makes use of a blown-arc furnace of the Birkeland-Eyde type, through 
which a mixture of nitrogen, hydrogen, and a hydrocarbon is passed. 

The subsequent treatment of the hydrocyanic acid is either for the 
production of cyanides by absorption with alkalies, oxidation by burning 
in ail* to nitric oxide for conversion into nitric acid, or hydrolysis with 
steam at a high temperature with the formation of ammonia. 

Cyanamide.— Some . of the earliest experiments for the prepara- 
tion of cyanamide compounds were those of Marguerette and Sourdeval ^ 
in 1860 in connection with the preparation of barium cyanide, Ba(CN) 2 , 
by heating a mixture of carbon and barium carbonate in air. The first 
technical application was used by the Badische Company® in 1896, who 
obtained a mixture of the cyanide and cyanamide, BaNCN, by heating 
the mixture at 1500® C. in an atmosphere of nitrogen. 

. The use of barium carbide instead of the mixture of carbonate and 
carbon was introduced by Frank and Caro ® in 1898, who found that if 
the carbide is used in large lumps, barium cyanide is almost exclusively 
produced, whereas a yield of 70 per cent, of barium cyanamide is 
obtained if small granules of carbide are used. 

The teclmical manufacture of alkali cyanides for gold extraction 
by fusion of the mixture of cyanide and cyanamide with alkali 
chlorides was made use of by the Gold und Silber Scheidenanstalt of 
Frankfurt.’ 

Calcium Cyanamide. — The substitution of calcium carbide for 
the barium compound by Pfleger, Rothe, and Freundenberg caused 
the process to become more economical, and Frank and Caro ® patented 
the process during the years 1895-98. The real impetus given to the 
technical production of calcium cyanamide was the discovery in 1901 
that this sul)stance could be used directly as a fertiliser. 

The essential materials for the manufacture of calcium cyanamide 
are limestone, carbon, and nitrogen. The production of calcium carbide 
is effected by first burning the limestone (CaCOg) to lime (CaO), and 
then fusing of the lime with carbon (anthracite coal, or coke) in an 
electric furnace : ^ 

CaC 03 =Ca 0 +C 02 ; 

CaO+3C=CaC2+CO. 


1 H. Phillips, Cliem. Met. lUtig., 1920, 22, 213. 

2 Beindl, Emjlwh Patent, 10321 (1915). 

Norsk Jlydroeloktr., English Patent, 235181 (1925). 

^ Claude, EmjUsh Patents, 1027, 1172 (1860) ; Marguerette and Sourdeval, Com^pt. 
rend., 1860, 50, 1100. , 

^ Badische Coxnpany, German Patents, 190955 (1907), 197394 (1908). 

« Frank and Caro, German Patents, 108971 (1900), 116087 (1900), 116088 (1900); 
English Patent, 25475 (1898). See also Erl wein, Zeitsch. arujew. Chem., 1903, 16, 533. 

’ Frank and Caro, Gertmin Patent, 212706 (1909). 

® Prank and Caro, Zeitsch. angeio. Ohem., 1906, 19, 835 ; 1909, 22, 1178. 

® See this series, Vol. HI., Part I. 
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The direct fixation of nitrogen is brought about by heating the 
powdered calcium carbide in an atmosphere of nitrogen : 

CaCg+Ns-CaNCN+C. 

As in other fixation processes, one of the most important i^oints 
with the cyanamide process is the purity of the reacting substances. 
Thus the initial raw material — ^limestone — ^must contain about 97 per 
cent, of calcium carbonate with relatively small amounts of magnesium 
carbonate and oxides of aluminium, otherwise the fluidity of the carbide 
is decreased. Silicon and iron tend to produce ferrosilicon, which gives 
furnace trouble and difficulty in grinding the carbide. Phosphorus 
in the form of calcium phosphate is very deleterious even in small 
quantities, as calcium phosphide is produced in the furnace, which Vith 
moisture produces phosphine, and is especially objectionable if the 
cyanamide is hydrolysed to ammonia which is subsequently to be 
oxidised to nitric acid. 

Formation of Calcium Cyanaynide . — Calcium carbide is finely crushed 
and heated in contact with nitrogen under slight pressure, when absorp- 
tion begins at 700° to 800° C. and becomes rapid at 1000° C. The 
equation 

CaC 2'h'^2 calories 

shows the reaction to be exothermic, and once started, the heat of 
formation is sufficient to carry the process to completion. It is obvious 
that an abundant supply of nitrogen is necessary, and this is generally 
obtained from the liquefaction of air by either the Linde or Claude 
rectification plant, although in part of the Niagara works nitrogen is 
obtained from air by the copper-cupric-oxide reaction. The absence 
of oxygen, moisture, carbon monoxide, and carbon dioxide is very 
desirable, otherwise various by-reactions take place, decreasing the 
yield of cyanamide : 

CaC 2 + 202 =CaC 03 +C 0 ; 
CaC2+2H20=Ca(0H)2+C2H2 ; 

CaC2+CO=CaO+3C; 

2CaC2+C02=2Ca0+5C. 

Moissan ^ found that pure calcium carbide and nitrogen would not 
react at 1200° C., but Rothe ^ discovered that nitrification proceeded 
rapidly if the crude carbide was used. It would appear that some form 
of catalytic material was necessary for the reaction, and Polzenius ^ 
patented the use of calcium chloride in 1901. Thus, whereas with no 
calcium chloride there was less than 1 per cent, of nitrogen absorbed 
in twelve to fourteen hours at 730° C., yet under the same conditions 
with 10 per cent, of calcium chloride 18 per cent, of nitrogen was 
absorbed (as against 22 per cent, theoretical absorption). 

The disadvantage in the use of calcium chloride, however, is the 
deliquescent nature of the final product. The action of water is to 
generate acetylene from the residual carbide and to form dicyano- 
diamide, (CN.NH 2 ) 2 j from the cyanamide, which is deleterious when the 
cyanamide is to be used for fertiliser purposes. Dicyanodiamide is 

^ Moissan, Compt. rend.^ 1894, Ii8, 501. 

^ Rothe, English Patent^ 25476 (1898). See also Zeitsch, angew, Chem,, 1903, i6, 658. 

® Polzenius, German Patentj 163320 (1901). 



FIXATION OF NITROGEN. 225 

toxic to plant life, partly because it inhibits the action of nitrifying 
bacteria. 

In 1906 the use of calcium fluoride, (CaFg), was suggested in the form 
of crushed fluor-spar as a catalyst for carbide nitrification, and appar- 
ently most modern works now employ this substance. 

The ovens used in the process of nitrification are either of the 
continuous or discontinuous type. The former type, as worked at 
Knapsack in Germany and Marignac in France, consists of metal 
boxes filled with carbide which are pushed through a long tunnel filled 
with nitrogen and heated either electrically or by means of producer 
gas. The Carlson Company in Sweden use cylindrical ovens, fitted 
with shelves, filled with nitrogen and heated at the top by arcs to 
a temperature of 950° C. The carbide is worked downwards by a 
mechanical scraper from shelf to shelf, and the cyanamide is discharged 
at the bottom of the oven after a period of two hours. The discon- 
tinuous type of oven is of the more common type, and may be externally 
fired or electrically heated. The electric furnace, such as is used at 
Odda in Norway, consists of a metallic cylindrical oven heavily lined 
with refractory material, so that the internal dimensions are about 5 feet 
by 3 feet. Nitrogen is forced in at the bottom, and the calcium carbide 
in a heavy container is heated by means of a carbon pencil passing 
through the centre, which carries a single -phase current of 100 volts 
and 200 to 250 amperes. After a few hours the current is switched 
off, as the heat of the reaction is then sufficient to carry the process 
to completion. Nitrification proceeds from the core outwards, the 
temperature in the furnace being about 1100° C. About 85 per cent, 
only of calcium carbide undergoes nitrification, and the rest is destroyed 
in some unexplained way during the reaction, as there is only 1 to 2 
per cent, of carbide in the crude cyanamide. Generally speaking, the 
nitrogen content of the cyanamide varies between 19 and 20 per cent, 
according to furnace practice, quality of raw materials, etc., in different 
countries. A typical analysis of cyanamide produced at Muscle Shoals 
in the United States is given : ^ 

Per cent. 


Calcium cyanamide . . . .61*2 

,, oxide ..... 20-0 

,, carbide . . . . .1*5 

,, sulphide . . . .0*2 

,, phosphide . . . . 0-04 

Free carbon . . . . .12*5 

Silica ...... 2*4 

Iron and aluminium oxides . . .1*8 

Magnesium oxide . . . . 0-2 


The crude product, which sinters to a solid greyish-black cake, is 
then crushed and milled. The small amount of residual carbide is very 
objectionable, and the only efficient way to remove same is to spray 
with water, when acetylene is generated. Insufficient water must be 
used than will form dicyanodiamide, and modern practice favours 
the use of a water-and-oil spray, especially if the cyanamide is to be 
used as a fertiliser. The water, to the extent of 6 to 7 per cent, of the 
weight of cyanamide, decomposes the carbide and hydrates the free 

^ JReport on Fixation a'nd Utilisation of Nitrogen, U.S. War Department, 1922. 
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lime, but does not remove dustiness, which is effected by a spray of 
mineral oil (3 to 4 per cent, of the weight of cyanamide). 

Uses of Cyanamide. — 1. Fertiliser . — The crude calcium cyanamide, 
known as “ nitrolim,” “lime-nitrogen,” “ kalkstickstiff,” etc., has the 
great advantage of cheapness. On the other hand, there is considerable 
difficulty in its storage owing to the action of atmospheric moisture 
and carbon dioxide, which results in the formation of dicyanodiamide. 
As has already been mentioned, this latter substance is not only directly 
toxic to plant life, but it also prevents the action of nitrification bacteria 
in the soil. Hence treatment and storage of cyanamide is a matter of 
first-rate importance ; the water-and-oil treatment described above is 
very necessary, and when stored in double burlap bags it can be kept 
for six to twelve months without deterioration. 

The actual mode of decomposition of calcium cyanamide in the soil 
is apparently very complex, the main reaction being the hydrolysis to 
ammonia : 

(1) CaNCN-f3H20=CaC03-f-2NH3. 

Another series of reactions, however, occurs whereby free cyanamide, 
CN.NHg, urea, and ammonium carbonate are formed successively : 

(2) CaNCN+C 02 +H 20 =CaC 03 +CN.NH 2 ; 

(8) CN.NH 2 +H 2 O =C0(NH2)2 ; 

. (4) C0(NH2)2+2H20 ==(NH4)2C03. 

In each case the final product ammonia readily undergoes con- 
version into nitrate by means of bacterial action. 

Attempts have been made to use cyanamide in yarious mixed 
fertilisers, but care has to be taken as regards the other constituents. 
Thus it cannot be used with acid phosphate owing to the reversion of 
this substance, and further, the formation of toxic dicyanodiamide. 
It seems feasible, however, to mix it with basic slag or superphosphate, 
or with a calcined phosphate containing a high percentage of citric acid 
soluble phosphate. 

2. Frodueiion of Ammonia from Cyanamide . — One of the most 
attractive features of the cyanamide process of nitrogen fixation is the 
ready conversion of the cyanamide into ammonia by hydrolysis with 
water. The final reaction is shown in equation (1) above. 

The first patent for this process was that of Frank ^ in 1900, and 
since that time the production of ammonia from cyanamide has been in 
commercial operation in many countries. A detailed description of the 
plant is given by Landis ^ with reference to the continuous production 
of ammonia by the American Cyanamide Company. In essence the 
process consists in treating cyanamide in an autoclave with alkali and 
steam under pressure, and once the action is started, sufficient heat is 
generated from the reaction to liberate completely practically all the 
ammonia. 

The autoclaves are cylindrical in shape, about 21 feet in height and 
6 feet in diameter, and are made of steel capable of withstanding a 
pressure of 300 lb. to the square inch. Filtrate liquor (19,000 lb.) 
from a previous operation is introduced, then sufficient soda ash to give 
an alkalinity of about 3 per cent, sodium hydroxide. About 9000 lb. 

1 Frank, Qmmn Patent, 134289 (1900) ; U.8. Patent, 776134 (1904). 

- Landis, Met. Chem. Eng., 1916, 14 , 87. 
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of cyanamide are then introduced, and the charge well stirred, to 
decompose carbide and phosphide of calcium with the evolution of 
ammonia. Steam is then forced in at the bottom of the autoclave 
until the reaction begins, when about 90 per cent, of nitrogen is con- 
verted into ammonia, which is discharged with large volumes of steam 
into condensers. A further quantity of ammonia is obtained by 
forcing steam in again under a pressure of 120 lb. for two hours. The 
total conversion of nitrogen into ammonia is about 97 to 98 per cent., 
and, as the gas is practically pure, it can be utilised directly either for 
the preparation of ammonium salts or for oxidation to nitric acid. 

The disposal of the autoclave sludge (after filtration) is one of the 
difficulties of the process, as although a number of proposals have been 
made, yet so far it would seem that a successful solution of the problem 
has yet to be found. 

3. Cyanides. — The production of cyanides from cyanamide (p. 224) 
was the subject of much investigation after the work of Frank and 
Caro in 1900. TJbe American Cyanamide Company ^ seem to be the 
first who erected a plant for the technical manufacture of calcium 
cyanide from calcium cyanamide in 1916. The process consists in 
heating a mixture of calcium cyanamide, carbon, and sodium chloride 
in an electric furnace to a temperature of 1300° C. and then rapidly 
cooling the molten product to prevent the reverse reaction taking 

= CaNCN+C=:Ca{CN) 2 . 

The sodium chloride apparently merely acts as a flux, although it 
is possible that the reaction is not as simple as indicated by the above 
equation. 

The product, of course, is a very impure substance, the cyanide 
content of which varies between 35 and 50 per cent, equivalent of 
sodium cyanide. Successful application of this crude cyanide, however, 
has been made both for gold and silver metallurgy, and also for the 
production of hydrocyanic acid for fumigation purposes. 

4. Urea. — At present urea has only a limited application for such 
things as medicinal preparations, synthetic glasses or resins, and 
celluloid products, but its high nitrogen content (46 per cent.) and 
freedom from any deleterious substances indicate that it would make 
an ideal fertiliser. Any process, therefore, which could be economically 
worked for large scale production of urea would allow an extensive use 
of this substance as plant food. 

The reactions necessary to convert cyanamide into urea consist in 
extracting the crude substance with water, filtering the solution and 
adding excess of sulphuric acid. In this way all the calcium is removed 
as sulphate, and, on heating the solution, the free cyanamide, HgCNg, 
is hydrolysed to urea : 

H2N.CN-fH20=C0(NH2)2. 

The excess of sulphuric acid is removed as calcium sulphate, and it 
is the cost of the sulphuric acid which constitutes the chief disadvantage 
in the process, as it is all lost in the form of the calcium salt. 

The Lidholm process ^ for the manufacture of urea is now being 
worked by the Union Carbide Company at Niagara, and is a more 

^ Landis, Met. Chem. Bng., 1920, 22 , 265. 

2 Lidholm, J. QUm. Met. Eng., 1925, 32 , 791. 
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economical process. Calcium cyanamide is suspended in water and 
carbon dioxide passed in, which removes the calcium as carbonate and 
at the same time liberates free cyanamide : 

CaNCN+COa-hHgO^CaCOa+H^N.CN. 

The hydrolysis of the cyanamide into urea is brought about by 
means of dilute sulphuric acid, and, ‘Owing to the extreme chemical 
activity of the cyanamide, this second stage immediately follows the 
liberation of the cyanamide : 

H2N.CN+H20=:C0(NH2)2. 

The sulphuric acid is removed quantitatively by the addition of 
calcium carbonate, and the filtrate is evaporated in vacuum pans to a 
syrup which is practically molten urea, with a very small quantity of 
water. A “ spheroi dising ” process consists in forming minute droplets 
by means of a blast of cold air on the molten product, which solidify 
as they fall through the air, producing a glazed surface which does not 
cake with water. The final product contains over 44 per cent, nitrogen, 
(pure urea contains 46-6 per cent.), of which 41 per cent, is in the form 
of urea, 1 per cent, in ammonium compounds, 1*5 per cent, in guanyl 
urea (which can slowly be utilised by plants), and a fractional per- 
centage of dicyanodiamide. 

5, Free Cyanamide.— HYiis compound can be obtained by extraction 
of the crude calcium salt with water, exactly neutralising the solution 
of calcium acid cyanamide, Ca(HCN) 2 , with sulphuric acid, and evapor- 
ating the filtrate at 75° C. If a higher temperature is reached, then an 
appreciable amount of urea is formed owing to hydrolysis. 

6, Dicyanodiamide. — Free cyanamide readily polymerises to di- 
cyanodiamide, and, after extracting with water as above, only half the 
sulphuric acid is added, so that only one-half of cyanamide is in the free 
form. The temperature is raised to 75° C., and the remainder of the 
sulphuric acid gradually added so that polymerisation and liberation 
of the free cyanamide keep pace with each other : 


2H2CN2=:(CN.NH2)2. 

7. Guanidine . — Various salts of guanidine are prepared by treating 
a solution of free cyanamide and the corresponding ammonium salt in 
an autoclave at 155° C, 

Survey of the Nitrogen Fixation Problem. — British Synthetic 
Ammonia . — Up to the publication of this volume, by far the greatest 
proportion of the world’s supplies of synthetic nitrogen compounds had 
been obtained by the combination of nitrogen and hydrogen. 

Towards the end of the Great European War, the British Govern- 
ment had taken some steps to ensure supplies of fixed nitrogen within 
the national boundaries, and had begun some buildings on the chosen 
site at Billingham. The production of synthetic ammonia is dis- 
tinguished by low-power costs. To combine 1 ton of nitrogen requires 
8*4 K.W .Y. by the arc process, 2-0 K.W. Y. by the cyanamide process, and 
only 0-4 K.W.Y. by the ammonia process. Since electric power is not 
cheap in Great Britain, the arc process is out of the question. The 
cyanamide process (see p. 224) also requires power for the electro- 
thermic production of calcium carbide. The ammonia process requires 
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pure hydrogen and nitrogen, obtained by the methods described on 
p. 210, and is very conveniently worked in conjunction with electrolytic 
and ammonia-soda-alkali processes. Thus the Government were well 
advised in 1920 to dispose of the site and information to “ Synthetic 
Ammonia and Nitrates, Ltd.,” a subsidiary company formed by 
Brunner, Mond & Co. A research staff was set to work out a modified 
Haber process, and plant was erected which, by the spring of 1925, was 
producing 30 tons of ammonia per day. This was soon increased to 
50 tons, and it was expected that shortly the figure would approximate 
to 200 tons per day. This was the first industrial plant outside Germany 
to work at the low pressures of the Haber method, and at the present 
time England is the second largest synthetic ammonia-producing 
country in the world. The United Alkali Company has installed 
a full-scale jfiant for the manufacture of nitric acid by the oxidation 
of ammonia. 

Germany, as would be expected, still maintains her position as being 
the largest producer of synthetic ammonia. In America much investiga- 
tion has been carried out by the Fixed Nitrogen Research Laboratory 
of the United States Department of Agriculture. An enormous plant 
was erected at Muscle Shoals in 1919 for the manufacture of calcium 
carbide, from which ammonia and nitric acid were to be produced. 
Its capabilities were stated to be 40,000 tons of nitrogen per year, but 
it has never worked for full production, and it was put up for sale 
by private negotiation. A number of companies are engaged in the 
manufacture of cyanamide-ammonia by both the Claude and Casale 
processes, and also of cyanides by the Bucher process. The arc process 
is being developed by the American Nitrogen Products Company. 
France is extending the production of synthetic ammonia, and the 
Haber, Claude, and Casale processes are well in use. The Government 
plant at Toulouse, operated on the Casale principle, will have a capacity 
of 56,000 tons of ammonia per annum. 

In Italy, both the Casale and Fauser processes are in operation, and 
the estimated output for 1926 is 42,000 tons of fixed nitrogen. 

Spain is developing synthetic ammonia production on the Claude and 
Casale principles, and an ultimate output of 25,000 tons per annum is 
anticipated. 

In Belgium, works are in the course of erection which will have an 
annual output of 10,000 tons of ammonia by the Casale process. 

Thus it will be seen that the fundamental importance of artificial 
nitrogen fixation is being recognised by most countries. The following 
table ^ shows the estimated world production of nitrogen for the year 
ended 1st May 1925. The figures are expressed in tons of nitrogen 
(2240 1b.):— 


By-product ammonium sulphate 
Synthetic ,, ,, 

Cyanamide .... 
Nitrate of lime 

Other forms of synthetic nitrogen 
Chilian nitrate of soda . 


290,300 tons 
254,800 „ 

115.000 „ 

25.000 „ 

60.000 „ 

363.000 „ 


Total . 1,108,100 tons. 


1 Qas WorU, 83 , 591 , 1925 . 
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The Use of Combined Nitrogen in Agriculture and a Comparison of 
various Fertilisers. — It is hardly an exaggeration to say that the greatest 
of all services rendered to humanity by chemistry is the ensurement 
of a practically inexhaustible supply of the most essential and at the 
same time the most perishable of plant fertilisers. The result should 
be that, given Governments with a proper appreciation of applied 
science and with a genuine aversion to war, the food-producing areas 
of the world should for all time be able to furnish their full quota of 
their different products. 

The following striking examples ^ give some idea of the value of 
combined nitrogen in agriculture : — 

One hundredweight of sodium nitrate or ammonium sulphate, or one 
and a half hundredweights of nitrolim applied to one acre of soil, in- 
creases the yield of potatoes by 1 ton, the yield of wheat by 4| bushels, 
the yield of barley by bushels, and the yield of oats by 7 bushels. 
‘‘ One hundredweight of these concentrated fertilisers is therefore 
capable of producing enough food to satisfy a man’s bodily requirements 
for one hundred or more days, or one pound of combined nitrogen 
properly used in the soil will yield enough food to keep a man going 
for about five days.” 

There is evidence that the combined nitrogen, in order to be 
directly utilised by plants, must be in the form of nitrates (see p. 22). 
Ammonium salts, proteins, amino-acids will be converted into nitrates 
more or less rapidly by nitrifying bacteria. Calcium cyanamide is con- 
verted into ammonia (see p. 22), but it may also give in the first place 
cyanamide and dicyanodiainide, which introduces an uncertainty with 
the application of this fertiliser. It would seem desirable to convert 
nitrolim into urea before application to the soil (p. 228). 

The relative values of the principal forms are said to be : ^ 


Nitric nitrogen . . . 100 

Ammoniacal nitrogen . . 95 

Cyanamide ,, . . 85-90 

Protein ,, . . 70-80 


These differences may be partly due to the causes already mentioned, 
partly due to the fact that ammonium salts react acid and will remove 
lime from soils that are poor in this constituent ; also to physico- 
chemical effects upon the state of division of the soil. 

At present a great variety of nitrogenous fertilisers, in addition to 
the time-honoured ammonium sulphate and potassium nitrate, is being 
prepared by the processes outlined above. Ammonium nitrate, a very 
concentrated fertiliser the preparation of which on the largest scale 
was elaborated during the War, is rather deliquescent and has not 
found favour with the farmer. 

Ammonium chloride, a by-product of the ammonia-soda process, 
appears to be as valuable as ammonium sulphate, the relative suitability 
varying with the condition of the soil, etc. ^ Another substitute for 
the sulphate is ammonium sulphonitrate, a mixture.^ Monoammonium 

^ Russell, J. Soc. Chem. Ind., 1918, 37 , 45R. 

2 Russell, Chem. Trade Journal^ 1924, 74 , 04. 

® Rothampstead Exper. Station Report, i921~22. 

* Gluud, Gas Wasserfach., 1924, 67 , 125. 
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phosphate, “ ammophos,” contains two of the most valuable plant foods 
in combination. Sodium-ammonium-hydrogen phosphate is made by 
mixing hot solutions of sodium bisulphate, calcium cyanamide, and 
calcium superphosphate. 

Ammonium salts when placed in the soil are converted into 
ammonium bicarbonate. This is an ideal fertiliser ; the chief drawback 
is its volatility, which may, however, be diminished by preparing it in 
hot solution with an excess of carbon dioxide in the presence of some 
tar oil. 

Urea is not toxic to plants even when present to the extent of 1 per 
cent.i It is quickly hydrolysed to ammonia in the soil. The pro- 
duction of this compound from the technical nitrogen compounds 
mentioned above has been a fruitful field for the chemical inventor. 
Starting from ammonia, it may be made by the well-known reaction 
with carbonyl chloride, or the ammonia may be combined with carbon 
dioxide and the product converted into urea.^ Urea is also produced 
from calcium cyanamide by treating a solution with ferric sulphate ^ 
or various acids under pressure.^ 

For further information on the nitrogen industry, especially in its 
technical aspects, the reader should consult : The Nitrogen Industry, 
Partington and Parker (Constable, 1922 ) ; The Absorption of Nitrous 
Gases, Webb (Arnold, 1923 ); Ammonia and the Nitrides, Maxted 
(Churchill, 1921 ); The Atmospheric Nitrogen Industry, Waeser, trans- 
lated by Fyleman (Churchill, 1926 ) ; Dictionary of Applied Chemistry, 
Thorpe, Vol. iv. (Longmans, 1922 ). 

^ Bokerny, J. Soc. GJmn. Ind,, 1922, 41 , 950 A ; Zainbianchini, ibid, 

- Badische Company, Oerman Paient, 390848 (1922) ; Norsk Hydroelektr., Norwegian 
I^atent, 39744 (1926). 

3 Freund, German Patent, 377007 (1919). 

^ Soc. d’fitudes Chim. pour ITnd., English Patent, 192703 (1923). 
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Active nitrogen. See Nitrogen. 
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sulpbonic acids, 129-131. 
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— on metals and oxides, 47, 48, 70. 

— on sulphur chlorides, 130, 203. 
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catalysts for formation of, 103. 
combustion, 68. 

constant of equilibrium, 97-100. 
decomposition of, by coke, 64. 

by solid surfaces, 71. 

by ultra-violet light, 68. 

density, 65. 

— limiting, 58. 
detection in air, 93. 
discovery of, 62. 
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equilibrium of, with nitrogen and hydro- 
gen, 95 et seq, 
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heats, specific, 66, 67, 96. 
history, 62. 

liquid, 12 et seq. {See below.) 
manufacture of bye-product, 63. 

— by synthesis, 95 et seq., 210 et seq., 

218, 226. 

occurrence, 62. 
oxidation, 68, 69, 214. 
preparation, 64, 65. 
pressure, effect on synthesis, 101. 
pure, for atomic weight determination, 

51. 

refractivity, 67. 
solubility, 82. 

temperature variation of constant, 97- 

100 . 

velocity of flow and yield of, 103. 
viscosity, 67. 

Ammonia, liquid, 72 et seq. 

— boiling-point, 72. 

— critical constants, 75. 

— density, 73, 74. 

of vapour, 73, 74. 

— dielectric constant, 76. 

— dissociation constants in, 81. 

— electrical conductivities of solutions 

in, 80. 
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Ammonia, liquid, heat, latent, 75. 

specific, 73. 

— melting-point, 72. 

— metals dissolved in, 81, 82. 

— molar weights of solutes in, 78. 

— molecular complexity of, 75. 

— pressures of saturated vapour, 74, 75. 

— reactions in, 78. 

— salts dissolved in, 80-82. 

— solvent properties, 77. 

— surface tension, 75. 

Ammonia solutions, 82 et seq. 

— ammonium salts, acidities, 90. 

— conductivities, 89. 

— densities, 87. 

— detection, 93. 

— dissociation constants, 89-91. 

— distribution between solution and 

chloroform, 88. 

— electrolytic dissociation of, 89-91. 

— estimation of, 93. 

— heat of dissociation and hydration, 

91. 

— hydrates, 87. 

— hydration in solution, 92. 

— pressures of ammonia over, 82-86. 

— solubility, 82. 
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chloride, 114, 115, 230. 
cyanate, 220. 
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iodide, 116. 
nitrate, 27, 142, 230. 
nitrite, 26. 
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Azoimide, 131 et seq. 
chemical reactions, 133. 
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detection, 135. 
estimation, 135. 
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physical properties, 132, 133. 
preparation, 132, 133. 

Azote, 21. 

Azotobacter, 22. 

Bacteria, 21-24. 
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Bleaching powder, 27. 
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Calcium carbide, 223-227. 
cyanamide, 219, 223, 224, 230. 

Carbohydrates, 23. 

Catalysts in ammonia synthesis, 103, 105, 
106. 

Chlorides of nitrogen, etc. See Nitrogen, 
etc. 

Chlorination of ammonia, 117. 

Coal, ammonia in, 63, 64. 

Conductivities. {See under each com- 
pound.) 

Co valency, 14. 

Denitrification, 22, 23. 

Dicyanodiamide, 225, 226, 228, 230. 

Di-imide, 135. 

Electrolytic conductivities. (She under 
conductivities of each compound.) 
preparation of hydroxylamine, 108. 

Electrons in the nitrogen atom, 1 3. 

Electrovalency, 14. 

Fertilisers, 223, 226. 

Fluorides. See Nitrosyl fluoride, etc. 

Formation of nitrogen, 226 et seq. 

Formic acid, 143. 

Fuming nitric acid, 167, 178, 190. 

Fungi, 23. 

GtLOW of nitrogen, 43. 

Glycerol, 27. 

Group V. B, 4 et seq. 
allotropic forms, 5. 
atomic volumes, 5. 

— weights, 4. 
atomicity, 5. 
compounds, 6. 
hydrides, 6. 
mass spectra, 4. 
physical properties, 4, 5. 

Hydrazine, 122 et seq. 
base, anhydrous, 124. 
bromide, 127. 
chloride, 127. 
decomposition, 124. 
derivatives, 128. 
detection, 128. 

dissociation, electrolytic, 125-127. 

heats of formation of salts, 126. 

history, 122. 

hydrate, 124. 

hydrazates, 125. 

oxidation, 124, 132. 

oxygen substitution products, 136. 

physical properties, 125. 

preparation, 122-124. 

properties of base, 124, 125. 

reducing properties, 126. 

salts, 126, 128. 

solubility, 125. 

solvent properties, 125. 

sulphonic acids, 129. 

Hydrazoic acid, salts of, 133, 134. (See 
Azoimide. ) 


Hydrides of nitrogen, summary, 135. 
Hydrocyanic acid, 222. 

Hydroxylamine, 107 et seq. 
addition compounds, 112. 
base, preparation and properties, 
109. 

chloride. 111. 

co-ordination compounds, 112. 
detection, 110. 
electronic structure, 15. 
estimation, 111, 
heat of formation, 110. 

— of neutraUsation, 110. 
liistory, 107. 

nitrate, 112. 
oxidation, 109. 
phosphate, 112. 
preparation, 107, 108. 
salts, preparation, 111. 

— reactions, 109, 111. 
sulphate, 111. 
sulphonic acids, 129. 

— derivatives, 112. 

Hyponitrous acid, 138 ei seq. 

— history, 138. 

— molecular weight, 140. 

— oxidation, 140. 

— preparation, 138. 

— properties, 138. 

— structure, 141. 

Imido-sulphinic acids, 129. 
Imido-sulphonic acids, 131. 

Iodine, action on ammonia, 116. 

Laughing gas, 148. 

Liquid ammonia, etc. See Arntn 
etc. 

nitrogen, 24, 38-41. 

Lunge nitrometer, 150, 202. 

Mixed bond in nitrogen compounds, 1 
Monochloramine, 117. 

Mycoides, B., 23. 

Nesslee test, 94. 

Nitramide, 136. 

Nitrates, atmospheric, 206 et seq. 
formation of, 127. 
metallic, 199. 
structure, 17. 

Nitric acid, boiling-point, 191. 

— chemical properties, 196. 

— concentration, 190. 

— density, 192. 

— detection, 201. 

— estimation, 201. 

— freezing-point, 190, 195, 196. 

— heat of formation, 193. 

specific, 196. 

— history, 187. 

— hydrates, 190, 195. 

— magnetic rotation, 194. 

— manufacture, 188, 206, 214. 

— melting-points, 195. 

— physical properties, 190 et seq. 
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Nitric acid, preparation, 187 et seq. 

— reduction, 198-200. 

— refractivity, 194. 

— solid, 190. 

— specific heat, 196. 

— viscosity, 194. 

Nitric oxide, 50 et seq. 

— absorption coefficient, 151. 

— additive compounds, 152. 

— analysis, 52. 

— chemical properties, 149. 

— composition, 57, 60, 149. 

— compressibility, 150. 

— critical constants, 153. 

— density, 57, 58, 60, 160. 

— detection, 158. 

— estimation, 158. 

expansion, thermal, 151 

— heat, specific, 151. 

— history, 149. 

— liquefaction, 153. 

— liquid, 158. 

— melting-point, 154. 

— molar heat, 151. 

— oxidation, 156. 

— physical pro]perties, 150 et seq. 

— preparation, 50, 59, 149. 

— refractivity, 151, 154. 

— solid, 154. 

— solubility, 151. 

— specific heat, 151. 

— synthesis, 159 et seq. 

— thermal equilibria, 160. 

expansion, 151. 

— viscosity, 151. 

Nitrides, 46 et seq. 

conditions of formation, 43, 46, 47, 48. 
typical formuhe, 46. 

Nitrification, 23. 

Nitrites, action on sulphites, 108. [See 
under Nitrous acid.) 

Nitro-bacter, 23. 

Nitro -copper, 175. 

Nitrogen, 8 et seq. 

absorption coefficient, 35. 

activation, 44. 

active, 41 et seq. 

assimilation by plants, 22. 

atom, ll et seq. 

atomic weight, 49 et seq. 

boiling-point, 39. 

compressibility, 28. 

cycle in nature, 21. 

density, 28, 39. 

fixation, 206 et seq. 

group. See Group V. 

halides. See under chloride, etc., below. 

heat, specific, 32. 

history, 21. 

liquefaction, 24. 

liquid, 24, 38-^1. 

melting-point, 40. 

molar heat, 34. 

molecular weight, 28. 

occurrence, 21. 

oxides. See below. 


Nitrogen, physical properties, 28 et seq. 
preparation, 24 et seq. 
rate of solution, 36. 
refractivity, 34. 
solid, 40. 
solubility, 35-38. 
specific heat, 32. 
spectra, 34. 

stereo -isomerism, 11, 12, 16. 
structure of atom, 13, 19. 
sulphide. See Sulphur nitrides, 
thermal conductivity, 34. 

— expansion, 32. 
valency, 10. 
viscosity, 34 
weight in the air, 24. 

Nitrogen bromide, 114. 
chloride, 69, 114. 
fluoride, 114. 
hexoxide, 180, 202. 
iodide, 116. 
pent oxide, 178-180. 
peroxide. See below, 
tetroxide. See below, 
trioxide. See below. 

Nitrogen peroxide, 51, 53, 164, 165, 166 
et seq. 

— additive compounds, 176. 

— boiling-i)oint, 173. 

— chemical properties, 175. 

— comj)osition, 57, 167. 

— constitution, 177. 

— critical constants, 174. 

— density, 168. 

— detection, 178. 

— dissociation, 169. 

— estimation, 178. 

— heat, specific, 171, 172. 

— history, 166. 

— liquefaction, 167, 173. 

— liquid, 173, 177. 

— melting-point, 174. 

— molar heat, 172. • 

— molecular weight, 173. 

— oxidation, 176. 

— physical prox^erties, 168. 

— refractivity, 169. 

— solid, 174. 

— solubility, 176. 

— sx)ecific heat, 171. 

— spectrum absorj)tion, 173. 

— thermal expansion, 173. 

Nitrogen trioxide, chemical x)roperties, 165. 

— constitution, 17. 

— dissociation, 165. 

— X)roi)crties, 164. 

— preparation, 163. 
Nitrohydroxylamino, 137. 

Nitron, 201, 202. 

Nitrosamincs, 119. 

N itrosodi j>heny laminc ,150. 

Nitroso -nitrogen trioxide, 180. 

sulphonic anhydride, 180. 

sulphuryl chloride, 120. 

Nitrosyl bromide, 120, 156. 
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Nitrosyl chloride, 52, 53, 118, 156. 
jauoride, 118. 

sulphuric acid, 118, 119, 155, 159, 164, 
166, 167, 177, 178. 

Nitrous acid, 143, 184 et seq, 

— chemical properties, 184. 

— constitution, 185. 

— detection, 185. 

— estimation, 185, 186. 

— history, 182. 

— preparation, 182. 

Nitrous air, 142, 149. 

fumes, 149, 166. 

Nitrous oxide, 142 et scq. 

— absorption coefficient, 144. 

— boiling-pomt, 146. 

— chemical properties, 148. 

— composition, 57, 148. 

— compressibility, 144. 

— critical constants, 145. 

— decomposition, 147. 

— density, 57, 144, 146. 

— detection, 148. 

— estimation, 148. 

— heat, specific, 144. 

— history, 142. 

— liquefaction, 144. 

— liquid, 145. 

— melting-point, 147. 

— molar heat, 146. 

— physical properties, 142. 

— physiological properties, 142. 

— preparation, 50, 58, 142. 

— refractivity, 144. 

— solid, 147. 

— solubility, 145. 

— specific heat, 144. 

— synthesis, 143. 

— thermal conductivity, 144. 


Nitrous oxide, thermal expansion, 144. 

— viscosity, 144. 

Oxalic acid, 143. 

Oxides of nitrogen. See Nitrous oxide, 
etc. 

— group, 7. 

Perniteio acid, 202. 

Peroxide of nitrogen. See Nitrogen. 
Proteins, 22, 23. 

Eadicicula, 22. 

Eefractivities of nitrogen, etc. See Nitro- 
gen, etc. 

Eefrigerators, use of ammonia in, 77. 

Salt solutions, solubility of ammonia in, 
83. 

r of nitrogen, 37. 

Sodium cyanate, 219, 220. 
cyanide, 219, 221. 
nitrate, 143, 164, 166, 168, 178. 

Sulphonic acids. See Hydroxylamine, etc. 
Sulphonitrous anhydride, 165. 

Sulphur chlorides, action on ammonia, 203. 
Sulphur nitride, 203 et seq. 

— constitution, 205. 

— liquid, 205. 

— preparation, 203. 

— properties, 203. 

— reactions, 203, 204. 

— solid, 203. 

Ueea, 22, 27, 184, 227, 231. 

Urease, 23. 

Uric acid, 22. 

Valency, theories, 14, 15. 


